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SUMMARY
The f o l l o w i n g  t h e s i s  d e s c r ib e s  an i n v e s t i g a t i o n  i n t o  th e  use o f  
h y p e r th e rm ia  as a re m e d ia l  p ro cedu re  u s in g  a new te c h n iq u e  f o r  
t r e a t i n g  an im a l tum ours  [W a lke r ,  1980).
A b r i e f  h i s t o r i c a l  re v ie w  o f  th e  use o f  h y p e r th e rm ia  t re a tm e n t  i s  
p re se n te d  i n  C hap te r  1, C u r re n t  methods o f  t r e a t i n g  l o c a l  and 
m e ta s t a t i c  d is e a s e  a re  d is c u s s e d ,  and th e  advantages (and p rob lem s) 
o f  u s in g  h y p e r th e rm ia  f o r  th e  t r e a tm e n t  o f  tum ours  w h ich  a re  r e s i s t a n t  
to  chemo" and r a d io th e r a p y  a re  o u t l i n e d .  C hap te r 2 d e s c r ib e s  th e  
b i o l o g i c a l  p r o p e r t i e s  o f  th e  C^H mouse mammary ca rc inom a  and p re s e n ts  
reasons  f o r  th e  c h o ic e  o f  t h i s  tum our system in  t h i s  p re s e n t  re s e a rc h .  
The norm al g ro w th  p a t t e r n  i s  then  p re s e n te d .  A t e a r l y  s tages  g row th  
was measured i n d i r e c t l y  by means o f  a d i l u t i o n  assay and d i r e c t l y  by 
measurement a f t e r  th e  tum our became p a lp a b le .  In  C ha p te r  3 th e  
deve lopm ent and a p p l i c a t i o n  o f  a new te c h n iq u e  f o r  a d m in is te r in g  
h y p e r th e rm ia  t r e a tm e n t  to  an im a l tum ours i s  d e s c r ib e d .  The f o l l o w in g  
c h a p te r  shows how t re a tm e n t  a l t e r s  th e  normal g row th  r a t e .  R eg ress ion ,  
re c u r re n c e  and cu re  a re  compared a f t e r  t re a tm e n t  e i t h e r  w i t h  
h y p e r th e rm ia  o r  w i t h  X - ra y s .  A f t e r  s i m i l a r  le v e ls  o f  t re a tm e n t  tumours 
were found  t o  r e c u r  i n  a s i g n i f i c a n t l y  s h o r te r  t im e  a f t e r  h y p e r th e rm ia  
than  a f t e r  i r r a d i a t i o n  [W a lke r e t  a l  1982 ).  P o s s ib le  reasons f o r  t h i s  
a re  d is c u s s e d .  C hapte r 5 c o n s id e rs  t h e o r ie s  r e l a t i n g  to  m e ta s ta s is  
and compares m e ta s ta t i c  r a te s  a f t e r  h y p e r th e rm ia ,  X - ra y s  [W a lke r  e t  a l  
1978) and s u rg e r y .  The e v idence  sugges ts  t h a t  in a d e q u a te  t re a tm e n t  
u s in g  h y p e r th e rm ia  may in a d v e r t e n t l y  promote m e ta s ta s is .
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1.0 INTRODUCTION
1.1 Tumour S t r u c t u r e
A tumour o r  neoplasm has been d e f i n e d  as " . . .  an abnormal mass o f  
t i s s u e ,  the  g rowth  o f  wh ich  in c re ase s  and is  u n c o o rd in a te d  w i t h  
t h a t  o f  the normal  t i s s u e s ,  and p e r s i s t s  in the  same exc e s s i v e  
manner a f t e r  c e s s a t i o n  o f  the  s t i m u l i  wh ich  evoked the  change"  
( W i l l i s ,  1973).
T h is  d e f i n i t i o n  c o v e rs  tumours wh ich  fo rm d i s c r e t e  lumps, d i f f u s e  
masses and such tumours as m y lo id  leukaemias ,  where the  mass is  
mere ly  d i s t r i b u t e d  d i f f u s e l y  th roug h  the  marrow o r  lymphoid t i s s u e s .  
Tumours o f t e n  show a resemblance t o  the  normal t i s s u e  f rom which 
they have o r i g i n a t e d ,  though the  c e l l s  may be more l i k e  the  
p r e c u r s o r  c e l l s  f ro m  wh ich  the  t i s s u e  has fo rmed.  In most tumours 
the n e o p l a s t i c  t i s s u e  c o n s i s t s  o f  c e l l s  o f  a s i n g l e  s t r a i n .  The 
c o n n e c t i v e  t i s s u e  and b lo od  v e s s e l s  a re  mere ly  the  s u p p o r t i n g  and 
v a s c u l a r  f ramework o f  the  tumour.  The v a s c u l a r i s a t i o n  has formed 
q u i c k l y  and i s  le s s  w e l l  o rg a n is e d  than in normal t i s s u e s  (see 
Sec t io n  1.4 [ 2] )  .
Tumours a re  d i v i d e d  i n t o  benign  and m a l ig n a n t  t y p e s .  Benign tumours 
a re  l i m i t e d  in g row th  and do n o t  n o r m a l l y  Invade s u r ro u n d in g  t i s s u e ,  
w h i l e  m a l i g n a n t  tumours ,  i f  u n t r e a t e d ,  c o n t i n u e  t o  grow and invade 
s u r ro u n d in g  t i s s u e s .  I t  i s  the i n f i l t r a t i v e  c a p a c i t y  wh ich  g i v e s  
the name cance r  ( t h e  c r a b ) .  N o rm a l l y  the tumour edge i s  i l l - d e f i n e d  
a l t h o u g h  some r a p i d l y  g ro w in g  tumours in a s i t e  t h a t  g i v e s  l i t t l e  
c o n s t r i c t i o n  may appear e n c a p s u la te d .
N ea r ly  a l l  m a l i g n a n t  tumours m e ta s ta s i s e .  T h i s  may come abou t  by
2.
detachment o f  a group o f  tumour c e l l s ,  o r  e m b o l i ,  wh ich  co u ld  
invade the l y m p h a t i c  system and become lodged in a lymph node o r  
may e n te r  the b lo od  st ream and, on reach ing  a c a p i l l a r y  n e tw o rk ,  
become impacted,  p r o l i f e r a t e  and thus deve lop i n t o  secondary 
tumours o r  mé tas tasés .
1.2 T rea tm en t  o f  Tumours and Reasons f o r  Use o f  Hyper the rm ia
In choos in g  a method o f  t re a tm e n t  f o r  cancer a p r im a ry  c o n s i d e r a t i o n  
is  whe the r  the  d isease  i s  l o c a l i s e d  o r  d is s e m in a te d .  Where a 
tumour is  l o c a l i s e d  one can r e s t r i c t  t r e a tm e n t  t o  t h a t  area so 
s u r g e r y ,  wh ich  can sometimes remove the  whole tumour,  a n d /o r  r a d i o ­
the rapy  would be the  p r e f e r r e d  t r e a tm e n t .  However, some tumours 
cannot  be t r e a t e d  s u r g i c a l l y  e i t h e r  because o f  the  r e s u l t a n t  m u t i l a t i o n  
o r ,  where a l a r g e  amount o f  t i s s u e  would be i n v o l v e d ,  the lo ss  o f  
f u n c t i o n  o f  v i t a l  o rgans .  Moreover ,  a l th o u g h  c o n v e n t i o n a l  r a d io t h e r a p y  
w i t h  X - ra ys  can o f t e n  d e s t r o y  tumours w i t h  t o l e r a b l e  damage t o  the 
s u r ro u n d in g  normal t i s s u e ,  some tumours are r a d i o - r e s i s t a n t .  Where 
r a d i a t i o n  the ra p y  i s  a p p r o p r i a t e  i t  is  n o r m a l l y  used in t r e a t i n g  
r e g i o n a l l y  l i m i t e d  c a n c e r ,  however sys tem ic  t r e a tm e n t  by whole body 
i r r a d i a t i o n  i s  sometimes o f  v a lu e  in the t re a tm e n t  o f  d i s s e m in a te d  
d ise ase .  Chemotherapy i s ,  however,  the most l i k e l y  c h o i c e  in t h i s  
case.  The d rugs  used d i s p e r s e  th rough the body,  where they can 
a t t a c k  the r a p i d l y  d i v i d i n g  cance r  c e l l s .  Drugs a re  a l s o  used in 
com b ina t io n  w i t h  e i t h e r  su rg e ry  o r  r a d io th e r a p y  where t h e r e  e x i s t s  
the p o s s i b i l i t y  t h a t  a p r im a ry  tumour co u ld  have spread .
The f a i l u r e ,  however,  o f  c o n v e n t i o n a l  t r e a tm e n t  in the  management 
o f  some forms o f  cance r  -  p a r t i c u l a r l y  melanoma o r  bone tumours -  has 
s t i m u l a t e d  the search  f o r  improved methods o f  t r e a t m e n t ,  wh ich
in c lu ded  u s i n g ;
n eu t ro ns  in s tea d  o f  X - ra ys
X - ra ys  w i t h  u n c o n v e n t io n a l  f r a c t i o n a t i o n  schedu les  
X - ra ys  w i t h  r a d i o s e n s i t i se rs  
-  X - ra ys  w i t h  c h e m o th e ra p e u t i c  drugs  
h y p e r th e r m ia .
These t re a tm e n t  t e c h n iq ue s  have met w i t h  v a r y i n g  degrees o f  success.  
Some have m e r i t s  in d e a l i n g  w i t h  s p e c i f i c  tumour t y p e s ,  b u t  w i t h  the  
e x c e p t io n  perhaps o f  n e u t ro n  t h e r a p y ,  many f a i l  t o  deal a de q ua te ly  
w i t h  p o o r l y  v a s c u l a r i s e d , h y p o x ic ,  tumours .  I t  i s  in t h i s  area in 
p a r t i c u l a r  t h a t  h y p e r th e rm ia  seems ( f o r  reasons wh ich  w i l l  be 
d iscussed  l a t e r )  t o  be a most p ro m is in g  form o f  t r e a t m e n t ,  e i t h e r  on 
i t s  own o r  in  co m b in a t io n  w i t h  r a d io t h e r a p y  o r  chemotherapy.  Thus 
because o f  the p ro b a b le  m e r i t s  o f  h ype r th e rm ia  in d e a l i n g  w i t h  
d i f f i c u l t  tumours ,  i t  dese rves ,  and is  r e c e i v i n g ,  much a t t e n t i o n  
today .  These p o s s i b l e  advantages  have s t i m u l a t e d  the  p re s e n t  s tud y .
Cla ims have been made o f  the  b é n é f i c i e n t  e f f e c t s  o f  h ype r th e rm ia  on 
tumours ove r  a long p e r i o d  o f  t im e .  The f i r s t  b e n e f i c i a l  e f f e c t s  
were found p r o b a b l y ,  as in  many im p o r ta n t  d i s c o v e r i e s ,  a lm os t  by 
a c c id e n t  in a case where a p a t i e n t  s u f f e r i n g  f rom cance r  a l s o  
developed e r y s i p e l a s  and was cu red  f rom the m a l ig n a n cy .  There i s  
an e a r l y  c l i n i c a l  r e p o r t  by Busch (1866) who found t h a t  a 
h i s t o l o g i c a l l y  c o n f i r m e d  case o f  sarcoma o f  the  fac e  d isappeared  
a f t e r  e r y s i p e l a s  a s s o c i a t e d  w i t h  h igh  f e v e r .  There a re  se vera l  
o t h e r  w e l l  documented c l i n i c a l  r e p o r t s  o f  cance r  p a t i e n t s  whose 
tumours reg ressed  c o m p le te l y  a f t e r  a t t a c k s  o f  e r y s i p e l a s  w i t h  
c o n c o m i ta n t  h igh  f e v e r s  (C o le y ,  1893).  There a re  a l s o  r e p o r t s  o f
p a t i e n t s  who b e n e f i t e d  f rom induced f e v e r s ,  o r  f rom r a i s i n g  the 
tem pera tu re  by hot  b a th s ,  t o g e th e r  w i t h  lo c a l  hea t  a p p l i c a t i o n  
(C o ley ,  1893) .  Nau ts ,  Fowle r  and Bogatko (1953) have r e p o r te d  on 
a s e r i e s  o f  30 p a t i e n t s  w i t h  i n o p e ra b le  tumours.  The p a t i e n t s  
were t r e a t e d  w i t h  b a c t e r i a l  i n f e c t i o n s  and b a c t e r i a l  p ro d u c ts  (C o le y ' s  
t o x i n s ) ,  wh ich  gave r i s e  t o  ve ry  h ig h  tem pera tu res .  T w e n ty f i v e  o f  
the t h i r t y  s u r v i v e d  f o r  ove r  ten y e a r s .  Nauts (1978) in a re v ie w  
o f  t h i s  e a r l y  fo rm  o f  h y pe r th e rm ia  t r e a tm e n t  r e p o r te d  t h a t  the  h i g h e s t  
pe rcen tage  o f  successes o c c u r re d  in sarcoma o f  s o f t  t i s s u e s  and 
m a l ig n a n t  lymphomas. In i n o p e ra b le  o r  m e t a s t a t i c  ca rc inomas o f  the  
b r e a s t ,  m a l i g n a n t  melanoma, neurob las toma and v a r i o u s  bone tumours 
comple te  o r  p a r t i a l  r e g re s s io n s  were o b ta in e d .  There were a l s o  
remarkab le  re m is s io n s  o b ta in e d  in leukaemia a f t e r  t r e a tm e n t  w i t h  
a c u te  i n f e c t i o n  a s s o c ia te d  w i t h  r a i s e d  body te m p e ra tu re .
Trea tm en t  w i t h  C o le y ' s  t o x i n s  was n o t  a lways su c c es s fu l  and even in 
those cases wh ich  were s u c c e s s fu l  1 y t r e a t e d  the  e f f e c t  was 
a t t r i b u t e d  t o  s t i m u l a t i o n  o f  the  immune system r a t h e r  than t o  the  
h y p e r th e rm ia  (Nau ts ,  1978).
Since most  o f  the  e a r l y  c l i n i c a l  o b s e r v a t i o n s  were based on whole 
body h y p e r t h e r m ia ,  o th e r  mechanisms than h y p e r th e r m ia  c o u ld  have 
been im p l i c a t e d .  However,  when r e g io n a l  h yp e r th e rm ia  was used 
s u c c e s s f u l l y  ( C a v a l i e r e  e t  a l ,  1967) the  e f f e c t  was then a t t r i b u t e d  
more r e a d i l y  t o  the h igh  te m pe ra tu re .  Thus i t  began t o  be 
a p p r e c ia t e d  t h a t  tumours c o u ld  be ' c u r e d '  p u r e l y  by e l e v a t i o n  o f  
t e m pe ra tu re .  These c l i n i c a l  o b s e r v a t i o n s  thus prompted f u r t h e r  
i n v e s t i g a t i o n  i n t o  the  e f f e c t s  o f  heat  on tumours u s in g  e x p e r im e n ta l  
a n im a ls  and n e o p l a s t i c  c e l l s  in vitvo.
'C u re '  can be d e f i n e d  as no l o c a l  reg row th  o f  a tumour d u r in g  a 
p rede te rm ined  p e r i o d ,  wh ic h  i s  o f t e n  r e l a t e d  to  the  normal r a t e  
o f  g rowth o f  the tumour in q u e s t i o n .  Wi th  n e o p l a s t i c  c e l l s  in vitro 
cu re  o r  thermal  c e l l  i n a c t i v a t i o n  can be d e f i n e d  as the  i n a b i l i t y  
o f  the heat  t r e a t e d  c e l l s  t o  p roduce c lo n es  o f  c e l l s .  A f t e r  
t re a tm e n t  the  c e l l s  may d i v i d e  once o r  tw i c e  but  the  a b i l i t y  f o r  
u n l i m i t e d  d i v i s i o n  has been l o s t  though the c e l l s  may n o t  n e c e s s a r i l y  
d ie  im m ed ia te ly .
I t  was r e p o r te d  by C r i l e  (1961) t h a t  tumours on e x p e r im e n ta l  
mice c o u ld  be cu red  by immersing the  tumours in w a te r  a t  tem pera tu res  
o f  ove r  42°C. C r i l e  found  t h a t  the  m a j o r i t y  o f  the  tumours were 
cu red  by h e a t in g  f o r  one hour  a t  43°C. I t  was found t h a t  f o r  each 
degree t h a t  the tem p e ra tu re  was r a i s e d  the  t ime o f  exposure  r e q u i r e d  
t o  o b t a i n  the  same b i o l o g i c a l  e f f e c t  c o u ld  be ha lved  so t h a t  
exposure  o f  le ss  than a m in u te  a t  49°C was e q u i v a l e n t  t o  two hours 
a t  42°C.
The e f f e c t i v e n e s s  o f  h y p e r th e r m ia  was then f u r t h e r  supported  by 
s t u d ie s  on mammalian c e l l s  in vitro (Hahn, 1974).  Loss o f  
r e p r o d u c i b i l i t y  was a l s o  found  to  take  p la ce  above a c r i t i c a l  
tem pera tu re  o f  a p p r o x im a te l y  42°C and Hahn a l s o  observed a s i m i l a r  
r e l a t i o n  between t im e ,  te m p e ra tu re  and cu re  t o  t h a t  o b ta in e d  by 
C r i l e .  The e x a c t  t e m p e ra tu re  l e v e l  wh ich  was r e q u i r e d  to  i n a c t i v a t e  
d i f f e r e n t  c e l l s  v a r i e d  s l i g h t l y  w i t h  c e l l  t yp e .  The r e s u l t s  by 
C r i l e  and Hahn c o n f i r m e d  t h a t  the  c l i n i c a l l y  observed cu res  were 
p ro b a b ly  based on the  e f f e c t  o f  hea t  a lo n e .
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1.3 C u r r e n t  Methods o f  T r e a t i n g  Tumours by Hype r the rm ia
1.3.1 Whole Body Hyperthermia
H yper the rm ia  may be a p p l i e d  l o c a l l y  o r  to  the  whole  body.  Whole 
body t r e a tm e n t  i s  used today in cases o f  d i s s e m in a te d  d isease  o f t e n  
a f t e r  o t h e r  t r e a tm e n ts  have f a i l e d .  The ma jo r  prob lem w i t h  whole 
body h y pe r th e rm ia  Is t h a t  the  body canno t  t o l e r a t e  tem pera tu res  above
41 .8  -  42°C. Organs wh ich  l i m i t  t r e a tm e n t  are the  l i v e r ,  wh ich  may 
be r e l a t i v e l y  s e n s i t i v e  t o  therm al  damage, and the  h e a r t  (Hand and 
t e r  Haar,  1981).
V a r io us  methods have been used t o  e l e v a t e  whole body te m p e ra tu re .
These in c lu d e  us in g  C o le y ' s  t o x i n s  (Nauts e t  a l ,  1953) ,  ho t  a i r  and 
a na e s th e s ia  ( E u l e r - R o l l e  e t  a l ,  1978; B l a i r  and L e v i n ,  1978;
P e t t i g r e w  e t  a l ,  1978),  mic rowaves (Pomp, 1977; Bo lm s jo  e t  a l ,  1979),  
warm w a te r  b l a n k e t  ( L a r k i n ,  1979) ,  ra d io f r e q u e n c y  h e a t in g  (von Ardenne,  
1978) and heated space s u i t s  ( B u l l  e t  a l ,  1979).  Body co re  
tem p e ra tu re  was e l e v a t e d  to  n o t  g r e a t e r  than 42°C f o r  1-2 hours in 
most cases ,  and v a r i o u s  tumour types  were t r e a t e d .  The methods,  
t em pera tu res  reached,  tumour types  and success r a t e s ,  e t c ,  where 
g i v e n ,  a re  summarised in Tab le  1 .1 .
Dickson and Muckle (1972) found  t o t a l  body h e a t i n g  in an im a ls  t o  be 
less  su ccess fu l  than lo c a l  h e a t i n g ,  p ro b a b ly  because an im a ls  d ied  i f  
a co re  tem pe ra tu re  o f  above 40°C was m a in t a i n e d ,  w h i l e  the i n t r a ­
tumour tem p e ra tu re  f o r  l o c a l  t re a tm e n t  was over  42°C. A f u r t h e r  
problem the  r e s u l t s  suggested was t h a t  the 40°C c o re  tem pe ra tu re  m igh t  
have s t i m u l a t e d  m e t a s t a t i c  c e l l s ,  a l t h o u g h  a d i f f e r e n t  response o f  
the immune system in the  tu m ou r -b e a r in g  animal  t o  the  two methods o f
t r e a tm e n t  c o u ld  a l s o  have s t i m u l a t e d  c e l l s  a t  m e t a s t a t i c  s i t e s  a f t e r  
whole body t r e a tm e n t .
1.2.2 Local Hyperthermia
Since the  work  o f  C r i l e  (1961 ) ,  Hahn (1974) and o t h e r s ,  i t  has been 
recogn ised  t h a t  i f  the  tumour tem pe ra tu re  d id  n o t  r i s e  t o  about  42°C, 
then tumour c e l l s  would  n o t  be i n a c t i v a t e d .  T h is  can be done more 
s a f e l y  by means o f  l o c a l  h ea t .  Thus i n v e s t i g a t i o n s  i n t o  methods o f  
a p p l y i n g  l o c a l i s e d  h y p e r th e rm ia  t o  tumours,  and i n t o  p o s s i b l e  s i  de­
e f f e c t s  o f  t h i s  mode o f  t r e a t m e n t ,  a re  p ro v in g  t o  be a most p ro m is in g  
area o f  re s e a rc h .  T h is  i s  the  main burden o f  the  p r e s e n t  s tu d y .
There a re  problems a s s o c i a t e d  w i t h  l o c a l i s e d  t r e a tm e n t  and these  f a l l  
i n t o  two main c a t e g o r i e s  (see Tab le  1 .2 ) .
[1 ]  T e c hn ic a l  p rob lems:
p e n e t r a t i o n  i s  p a r t i c u l a r l y  d i f f i c u l t  w i t h  deep tumours 
heat  must be l o c a l i s e d  to  the  tumour in  o r d e r  t o  p r o t e c t  the 
s u r ro u n d in g  normal t i s s u e
i t  i s  necessa ry  to  a ch ieve  and m a in ta in  p rede te rm in ed  
tem p e ra tu res  a t  a l l  p o i n t s  in  the tumour. T h is  i s  im p o r ta n t  
s in c e  the  t h e r a p e u t i c  tem pera tu re  i s  w i t h i n  a n a r ro w ly  
d e f i n e d  range
c o n t in u o u s  tem pe ra tu re  m o n i t o r i n g  is  o b l i g a t o r y .  Temperature  
measurement i s  e s p e c i a l l y  a problem w i t h  microwave h e a t i n g  
s in c e  c o n v e n t i o n a l  measur ing  equ ipment can cause burns in a 
microwave f i e l d .
[ 2 ]  B i o l o g i c a l  p rob lems:
th e re  may be d i f f e r e n t i a l  h e a t i n g  when more than one t i s s u e
is  I n v o lv e d .  For example w i t h  shor twave d ia th e rm y  t h e r e  is  
p r e f e r e n t i a l  h e a t i n g  o f  f a t ,  so h e a t in g  o f  sub-cutaneous 
f a t t y  t i s s u e  may r a i s e  problems t h a t  c o u ld  be una ccep tab le  
even w i t h  s k i n - c o o l i n g  
- c o o l i n g  o f  the  heated volume by b lood  f l o w  Is  p ro b a b ly  the 
ma jor  p roblem. T h is  m o d i f i e s  tem pe ra tu re  t o  a g r e a t e r  o r  
l e s s e r  e x t e n t  depend ing on the  v a s c u l a r i t y  o f  t h e  tumour and 
on the  tem pe ra tu re  d i f f e r e n t i a l .  Even w i t h i n  heated s u p e r f i c i a l  
tumours in the  reg ion  o f  l a rg e  b lood  v e s s e l s  t h e r e  can be c o l d  
spots  wh ich  marked ly  a f f e c t  cu re  (Robinson e t  a l ,  1978) because 
o f  the  ve ry  s t r o n g  dependence o f  thermal  s e n s i t i v i t y  on small  
changes in te m p e ra tu re .  One way round t h i s  p roblem is  t o  r a i s e  
the whole body tem pe ra tu re  t o  one which  would  n o t  damage 
normal t i s s u e .  Then a lo c a l  hea t  super imposed on t h i s  would 
be more r e a d i l y  m a in t a i n e d ,  and tem pera tu re  g r a d i e n t s  would  be 
le ss  -  t h i s  may p rove  u l t i m a t e l y  t o  be the  most  u se fu l  t ype  o f  
t h e ra p y .  Not many c l i n i c a l  e v a l u a t i o n s  o f  t h i s  have y e t  been 
re p o r te d  though von Ardenne and Kruger ( I 98O) have d e s c r ib e d  a 
h e a t in g  te c h n iq ue  where the  whole body tem pe ra tu re  was 40.5°C.  
Local  h y p e r th e rm ia  was super imposed in the  tumour area t o  g i v e  
a tumour t em pe ra tu re  o f  42 .9 °C .  T h i s  regime has been used In 
c o n j u n c t i o n  w i t h  tumour h y p e r a c i d i f i c a t i o n  a ch ieved  by e l e v a t i o n  
o f  the  b lood  g lucose  c o n c e n t r a t i o n ,  wh ich lowers  the  pH in the  
tumour c e l l s  -  making them more s e n s i t i v e  t o  hea t  (see 1 . 4 [3] ) .  
Cancer M u l t i s t e p  Th e rap y ,  as t h i s  has been c a l l e d ,  has g iven  
e ncou rag in g  r e s u l t s .  Tumours,  however,  o f t e n  have a poo re r  
b lood  supp ly  than  normal t i s s u e s  and are  n o t  so r e a d i l y  coo led  
when heat  i s  a p p l i e d .  Advantage can be taken o f  such v a s c u l a r  
a b n o r m a l i t i e s  t o  g i v e  s e le c te d  hea t  t o  tumours.
There are  f o u r  p r i n c i p a l  methods o f  d e l i v e r i n g  l o c a l i s e d  heat  to  
tumours (see Table  1.2 - i n f o r m a t i o n  c o n ta in e d  in t h i s  Table is  In 
Hand and t e r  Haar,  1981; Cetas and Connor,  1978; St rang  and 
P a t t e r s o n ,  1980l
D i r e c t  h e a t in g  is  t e c h n i c a l l y  the  s im p le s t  form o f  h e a t in g .  G e n e ra l l y  
ho t  w a te r  is  p laced  in thermal  c o n t a c t  w i t h  the  area to  be hea ted,  
the tem pe ra tu re  in the  tumour r i s i n g  due to  c o n d u c t i o n  o f  heat  f rom 
the  w a te r .  I t  g i v e s  s u r f a c e  h e a t in g  o n l y  and must be in v a s i v e  f o r  deep 
h e a t i n g .  A ve ry  c o n s i d e r a b l e  number o f  e x p e r im e n ta l  s t u d ie s  have been 
c a r r i e d  o u t  us ing  w a te r b a th  h e a t i n g .  Fewer c l i n i c a l  r e p o r t s  are 
a v a i l a b l e  on the  use o f  l o c a l i s e d  d i r e c t  h y p e r th e rm ia  a lo n e ,  t h i s  
n o r m a l l y  be ing  used in  c o n j u n c t i o n  w i t h  o t h e r  t r e a tm e n ts  such as 
chemo- therapy  and X - ra y s .  T rea tm en t  by re g io n a l  p e r f u s i o n  wh ich  is  
r e a l l y  ano th e r  form o f  c o n d u c t i o n  h e a t i n g ,  has been c a r r i e d  o u t  by 
C a v a l i e r e  e t  a 1 (1967) as a l r e a d y  d e s c r i b e d ,  and by S t e h l i n  (1969,
1975 and 1980) .  S t e h l i n  has t r e a t e d  p a t i e n t s  w i t h  l imb tumours by 
p e r f u s i n g  the a f f e c t e d  l imb  w i t h  the  drug M e lp ha la n .  In a la rge  
group o f  p a t i e n t s  the  p e r fu s e d  b lo od  supp ly  was p re -h e a te d  to  
tem pe ra tu res  o f  around 4 l - 4 2 ° C  and the s u r v i v a l  r a t e s  compared 
f a v o u r a b l y  w i t h  t h a t  o f  p a t i e n t s  who were t r e a t e d  s i m i l a r l y  bu t  w i t h  
no e l e v a t i o n  o f  te m p e ra tu re .  B la d d e r  tumours have been t r e a t e d  by 
i r r i g a t i o n  us in g  a type  o f  c a t h e t o r  a rrangement  (Ludgate  e t  a l ,  1978),  
wh ich  is  a l s o  a fo rm  o f  l o c a l  s u r f a c e  h e a t i n g .  I t  was found t h a t  
the response was l i m i t e d  because o f  the  la rg e  heat  g r a d i e n t  and the 
i n t e n s i v e  c o o l i n g  e f f e c t  o f  the w e l l  v a s c u l a r i s e d  b l a d d e r  t i s s u e .
Animal and human tumours can be s u c c e s s f u l l y  t r e a t e d  w i t h  microwaves 
by us ing  s p e c i a l i s e d  a p p l i c a t o r s  in c o n j u n c t i o n  w i t h  d i f f e r e n t
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f r e q u e n c i e s  f o r  each p a r t i c u l a r  s i t u a t i o n .  P e n e t r a t i o n  w i t h  
microwaves i s  b e t t e r  than w i t h  c o n d u c t i o n .  I t  i s  a f u n c t i o n  o f  
the f requ ency  and o f  the  p r o p e r t i e s  o f  the t i s s u e  t o  be hea ted.
Lower f r e q u e n c ie s  g i v e  b e t t e r  p e n e t r a t i o n  but  po o re r  l o c a l i s a t i o n  
and v i c e  versa  so a compromise must be made. P e n e t r a t i o n  is  b e t t e r  
in t i s s u e s  w i t h  a low w a te r  c o n t e n t  ( f a t ,  bone,  e t c )  than when the 
w a te r  c o n t e n t  is  h ig h  (m usc le ,  s k i n ,  e t c ) .  Heat p a t t e r n s  a re  
d i f f i c u l t  t o  p r e d i c t  even in a homogeneous t i s s u e  and s p e c i a l i s e d  
tem pera tu re  m o n i t o r i n g  equ ipment  must, be used. Van D i j k  e t  al  (1979) 
and Luk (1980) have t r e a t e d  human tumours and found poor tem pera tu re  
d i s t r i b u t i o n s .  Luk o b t a in e d  nO response a t  a l l  when t r e a t i n g  tumours 
a t  -  what  was supposed t o  be -  42 .9°C .  R e s u l t s  o f  t r e a tm e n t  o f  some 
animal  tumours u s in g  microwave and o t h e r  methods i s  shown in Table  
3 .11 .  On the whole i t  appears t h a t  r e s u l t s  o f  t r e a tm e n t  w i t h  microwave 
a re  c o n f1 i c t î n g .
Rad io f requency  h e a t in g  has been used t o  t r e a t  animal  and human tumours 
w i t h  some success.  P e n e t r a t i o n  w i t h  ra d io f r e q u e n c y  h e a t in g  is  b e t t e r  
than w i t h  o t h e r  forms o f  h e a t i n g  i f  the  t i s s u e  i s  u n i f o r m ,  when the  
heat  p a t t e r n  i s  a l s o  u n i f o r m .  R ad io f requency  waves cause o s c i l l a t i o n  
o f  ions o r  changes in m o le cu le  o r i e n t a t i o n  wh ich  i s  co n v e r te d  i n t o  
h ea t .  P e n e t r a t i o n  i s  dependent  on the r e l a t i o n s h i p  between the 
geometry o f  the  e l e c t r o d e s  and the  f re q u e n c y ;  h ig h e r  f r e q u e n c ie s  
p e n e t r a te  b e t t e r  b u t  g i v e  p oo re r  u n i f o r m i t y  o f  hea t  p a t t e r n .  E le c t r o d e s  
must be des igned t o  g i v e  p r e f e r e n t i a l  h e a t i n g  t o  the  p e r i p h e r y  to  — 
overcome c o n d u c t i o n  o f  heat  away f rom the  tumour. Using s p e c i a l i s e d  
e l e c t r o d e s  Harzmann e t  a I (1979) found 'some measure o f  success '  in 
t r e a t i n g  carc inoma o f  the  b la d d e r  In an ima ls  and in p a t i e n t s .  In 
t r e a t i n g  animal tumours Marmor, Hahn and Hahn (1977) found ra d io f r e q u e n c y
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to  g i v e  a s i m i l a r  c e l l  k i l l  t o  w a te r b a th  h e a t i n g ,  and van D i j k  
and B reur  (1979) found i t  t o  be more s u c c e s s fu l .  Storm e t  a l  (1979) 
have been ab le  t o  t r e a t  l a r g e  tumours a t  d ep th ,  i f  these  d is p la y e d  
a d i f f e r e n t  p h y s i o l o g i c a l  a d a p ta t i o n  t o  heat  than the  s u r ro u n d in g  
normal t i s s u e ,  w i t h  l i t t l e  normal t i s s u e  damage. Dickson e t  a l  (1977) 
found i t  im p o s s ib le  t o  t r e a t  l a rg e  tumours on r a t s ,  s in c e  a l l  the  
an ima ls  d ie d  because o f  e l e v a t i o n  o f  the  co re  t e m p e ra tu r e .  Short -w ave  
d ia th e rm y ,  a fo rm o f  r a d io f r e q u e n c y  h e a t i n g ,  has been used by 
Overgaard and Overgaard (1972) t o  t r e a t  mammary tumours im p la n ted  
in the f e e t  o f  C3H mice .  The cu re  r a t e  was p o o re r  than t h a t  o b ta in e d  
by the  t r e a tm e n t  t e c h n iq u e  used in the p r e s e n t  s tud y  and 20% o f  the  
mice d ied  d u r i n g  a n a e s th e s ia  and t r e a tm e n t .
Hand and t e r  Haar ( I 98I )  appear  t o  f a v o u r  u l t r a s o u n d  as a tech n iq ue  
wh ich  p r o v id e s  a number o f  v e r s a t i l e  ways In wh ich  s o f t  t i s s u e  tumours 
may be heated  s e l e c t i v e l y  u s ing  m u l t i p l e  a p p l i c a t o r s .  U l t r a s o n i c  
h y p e r th e rm ia  o f f e r s  advantages  in l o c a l i s a t i o n  as w e l l  as f o c u s s in g  
and p e n e t r a t i o n .  In a homogeneous t i s s u e  the  energy  d e p o s i t e d  as 
heat  decreases e x p o n e n t i a l l y .  The a c o u s t i c  a b s o r p t i o n  o f  s k in  and 
bone a re  s i g n i f i c a n t l y  h i g h e r  than o th e r  t i s s u e s .  I t  i s  thus  d i f f i c u l t  
t o  produce l o c a l i s e d  h y p e r th e rm ia  w i t h o u t  ca u s in g  a g r e a t e r  r i s e  in 
the tem p e ra tu re  o f  the  o v e r l y i n g  s k in  o r  u n d e r l y i n g  bone.  I f  s k in  
has to  be spared c o o l i n g  i s  e s s e n t i a l .  U l t r a s o u n d  has been used 
c l i n i c a l l y  w i t h  some success by Marmor e t  a l  (1979) t o  t r e a t  
s u p e r f i c i a l  tumours ,  and Marmor e t  a l  (1978) have a l s o  t r e a t e d  animal  
tumours.  The thermal  e f f e c t s  o f  u l t r a s o u n d  have been found n o t  to 
i n i t i a t e  métas tasés  ( L e l e ,  1976; Smachio e t  a l ,  1979) and t h i s  makes 
u l t r a s o u n d  a v a l u a b l e  m o d a l i t y  f o r  tumours t h a t  r e a d i l y  m e ta s ta s i s e .
The i n s t r u m e n t a t i o n  i s  a v a i l a b l e  and in e x p e n s iv e  and s i m i l a r  equ ipment
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c o u ld  be used f o r  tumour imaging and f o r  t r e a tm e n t .
S trang and P a t te r s o n  ( I 98O) have compared d i f f e r e n t  h e a t i n g
techn iques  us ing  ma them at ica l  models.  They c a l c u l a t e d  the 
e f f e c t i v e n e s s  o f  w a te r b a th  o r  co nd uc t ion  h e a t in g  o f  ' s p h e r i c a l '  and 
' c y l i n d r i c a l '  t i s s u e  masses in the presence and absence o f  b lood  
f l o w .  I t  was found t h a t ,  in h e a t in g  small  tumours »< 2cm d ia m e te r ,  
i f  the heated volume approached a s p h e r i c a l  shape co n d u c t i o n  h e a t in g  
was as e f f i c i e n t  as t e c h n i c a l l y  more d i f f i c u l t  p rocedures  such as 
microwave h e a t in g  and gave o n ly  smal l  tempera ture  v a r i a t i o n s .
In the p re se n t  s tudy a form o f  co n d u c t i o n  h e a t in g  has been used and 
was a p p l i e d  to  a tumour volume as near to  s p h e r i c a l  as co u ld  be 
o b ta in e d  in o r d e r  to  o b t a i n  good thermal  g r a d ie n t s  (see 3 - 3 - 3 ) .  The
form o f  h e a t in g  used is  s u i t a b l e  f o r  small  e x p e r im e n ta l  tumours in
an im a ls  o r  smal l  cu taneous tumours in man.
1.4 M e r i t s  o f  H ype r the rm ia  in Treatment
In r e v ie w in g  h y p e r th e rm ia  in the t r e a tm e n t  o f  cancer F i e l d  and Bleehen 
( 1979) suggest  t h a t  tumours may be i n t r i n s i c a l l y  more v u l n e r a b l e  to  
heat  damage than normal t i s s u e s  because:
[1 ]  n e o p l a s t i c  c e l l s  are  i n t r i n s i c a l l y  more heat  s e n s i t i v e
[2 ]  tumours may have a poor b lood supp ly  and a t t a i n  h ig h e r  
tem pera tu res  than s u r ro u n d in g  t i s s u e s
[ 3] some tumour c e l l s  may be h y p o x ic ,  l a c k in g  in n u t r i e n t s  o r  a t  a 
low pH a l l  o f  wh ich  may inc rease  heat  s e n s i t i v i t y
[4 ]  c e l l s  in S-phase are  s e n s i t i v e  to  hea t .
13.
[1 ]  I t  has been found in b io che m ica l  and in c l i n i c a l  s t u d ie s  t h a t  
tumour c e l l s  in vitro and in vivo a re  s e l e c t i v e l y  d es t ro ye d  by heat  
and t h a t  th e re  is  a p ro fo und  and s e l e c t i v e  t o x i c  e f f e c t  o f  e le v a te d  
tem pera tu re  on tumour c e l l s .  V a r io u s  worke rs  t e s t e d ,  by means o f  
a c lo n o g e n ic  assay ,  f o r  r e s u l t a n t  m a l ignancy  in c e l l s  in vitro a f t e r  
t r e a t i n g  the c e l l s  w i t h  h y p e r th e r m ia .  A summary o f  t h e i r  r e s u l t s  is  
g iven  in Tab le  1 .3 .  A p o s i t i v e  s ig n  under ' D i f f e r e n t i a l '  i n d i c a t e s  
where the m a l i g n a n t  c e l l s  have been found to  be more heat  s e n s i t i v e .
Most o f  the  compar isons o f  t h e r m o s e n t i t i v i t y  r e l a t e  t o  the tem pera tu re  
range 4 l - 4 3 ° C .  Above 43°C the  d i f f e r e n t i a l  s e n s i t i v i t y  seems 
d o u b t f u l  -  perhaps some o t h e r  mechanism becomes im p o r ta n t  wh ich  is  
n o t  s e l e c t i v e .  T h i s  was a l s o  found by Overgaard and Overgaard (1972).  
Using as an assay the  changes in  oxygen uptake w i t h  in c r e a s in g  
tem pera tu re  C a v a l i e r e  e t  a l  (1967) found i n h i b i t i o n  o f  r e s p i r a t i o n  
and a s e l e c t i v e  and i r r e v e r s i b l e  damage to  hepatoma c e l l s  a f t e r  
h e a t in g  to  42°C f o r  90 m in u te s ,  w h i l e  under i d e n t i c a l  c o n d i t i o n s  
th e re  was l i t t l e  damage t o  r e g e n e r a t i n g  l i v e r  c e l l s .  The oxygen 
uptake o f  the tumour c e l l s  was reduced when the tem pe ra tu re  was 
inc reased  t o  42°C w h i l e  t h e r e  was l i t t l e  r e d u c t i o n  in comparable 
norma I c e l l s .
Dickson and Suzangar (1976) a l s o  found t h a t  r e s p i r a t i o n  a n d /o r  g l y c o l y s i s  
o f  some human tumours were o f t e n  depressed o r  even i r r e v e r s i b l y  I n h i b i t e d  
in vitro by exposure  t o  42°C w h i l e  the  me tabo l i sm  o f  normal t i s s u e s  
remained r e l a t i v e l y  u n a f f e c t e d .  The in Vitro response o f  animal 
tumour c e l l s  t o  in c rease d  tem pe ra tu res  o f  around 42°C has proved to  be 
a r e l i a b l e  gu ide  t o  s e n s i t i v i t y  o f  the tumour In the hos t  animal  to  
h y p e r th e r m ia .  In Yoshida r a t  sarcoma c e l l s ,  a f t e r  a 4 hour c u l t u r e  
p e r io d  a t  42°C, th e re  was an 80-90% i n h i b i t i o n  o f  i so top e  p re c u r s o r
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uptake i n t o  DNA, RNA and p r o t e i n .  Even a f t e r  1 hour a t  42°C, the 
tumour c e l l s  d id  n o t  take  on t r a n s p l a n t a t i o n  i n t o  r a t s .  A t  t h i s  
t im e  is o top e  uptake was reduced by 70-80% (Dickson and Suzangar,
1974).  T h is  tumour a t  2-3ml volume can be cured in vivo by h e a t i n g  
to  42° f o r  2 hours (Dickson and E l l i s ,  1976).  Mondovi e t  a l  (1969) 
i n v e s t i g a t e d  n u c l e i c  a c id  and p r o t e i n  s y n th e s i s  d u r in g  and a f t e r  
h yp e r th e rm ic  exposure  o f  normal and n e o p l a s t i c  t i s s u e  o f  a r a t ,  and 
o f  a human os teosarcoma.  A dep ress io n  o f  s y n t h e t i c  a c t i v i t y  was 
observed in a l l  the tumours t e s t e d  i n c l u d i n g  r a t  hepatoma t i s s u e  and 
os teosarcoma;  however re g e n e r a t i n g  l i v e r  c e l l s  exposed to  43°C f o r  
two hours showed in c reased  s y n t h e t i c  a c t i v i t y .  M ic r o s c o p ic  
e xam ina t io n  o f  v a r i o u s  e x e r im e n ta l  tumours ,  heated in vitro in the 
tem pera tu re  range 4 l - 4 3 ° C ,  showed t h a t  t h e re  was c e l l  d e s t r u c t i o n  
s p e c i f i c a l l y  in m a l i g n a n t  c e l l s ,  w i t h o u t  appa ren t  damage t o  normal 
c e l l s  such as f i b r o b l a s t s  and e n d o t h e l i a l  c e l l s  (Overgaard and 
Overgaard ,  1972).  Overgaard (1976b) extended these o b s e r v a t i o n s  in 
an e l e c t r o n  mic roscope s tu d y .  In t h i s  case i t  may however be t h a t  
b e t t e r  v a s c u l a r i t y  o f  normal t i s s u e  a l lo w e d  f o r  b e t t e r  c o o l i n g  than 
in tumour t i s s u e  and thus  the  g r e a t e r  hea t  s e n s i t i v i t y  o f  the  tumour 
c e l l s  observed by these  worke rs  was secondary t o  the  poor b lood  
supp ly  o f  the  tumour r e l a t i v e  t o  t h a t  o f  normal t i s s u e .
I t  thus  seems reasonab le  to  co nc lude  f rom these r e s u l t s  t h a t  m a l ig n a n t  
c e l l s  heated w i t h i n  the  tem pe ra tu re  range 4 l -4 3 °C  appear t o  be 
s e l e c t i v e l y  d es t ro y e d ,
[ 2 ]  In 1966, Rubin and C a s a r e t t  d e s c r ib e d  how most tumours show less  
o r g a n i s a t i o n  than the  t i s s u e  f rom which  they have a r i s e n  and how, 
because they grow more r a p i d l y  than the  normal t i s s u e ,  th e re  i s  a
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r a p id  d i s t o r t i o n  in the  ne twork  o f  b lood  v e s s e l s .  A ssoc ia ted  muscle 
and e l a s t i c  t i s s u e  is  a l s o  n o r m a l l y  l a c k i n g .  The v e s s e ls  c o n s i s t  
m a in ly  o f  i r r e g u l a r  in co m p le te  channe ls  w i t h  a r t e r i o - v e n o u s  shun ts .  
Wh i le  i t  has been adequa te  t o  p e r m i t  the  c e l l u l a r  p r o l i f e r a t i o n  the 
c i r c u l a t i o n  is  s l u g g i s h .  T h is  appears n o t  t o  be due t o  a lack  o f  
c a p i l l a r i e s  -  the  p r o l i f e r a t i o n  o f  wh ich  has been s t im u la t e d  by ,  and 
has a l l o w ed  f o r ,  the  r a p id  e a r l y  g rowth  o f  the tumour.  Such 
a l t e r a t i o n s  in tumour c i r c u l a t i o n  are  p ro ba b ly  due t o  r a p id  inc rease  
in numbers o f  tumour c e l l s  w i t h  f o c a l  compression o f  the  c a p i l l a r i e s  
and a f a l l  in  b lood  p r e s s u r e ,  p a r t i c u l a r l y  in c e n t r a l  v e s s e l s .
Because o f  the  poor c i r c u l a t i o n  tumours cope less  w e l l  than normal 
t i s s u e  w i t h  t em pe ra tu re  r e g u l a t i o n  when heat  i s  a p p l i e d .  On the  
c o n t r a r y ,  however,  r e c e n t  work  by P a t te rs o n  (pers.comm.)  suggests 
t h a t  in  some tumours b lood  f l o w  i s  b e t t e r  than in normal t i s s u e s .
When a p p l y i n g  hea t  i t  is  n o t  n o r m a l l y  p o s s i b l e  t o  hea t  o n l y  a s i n g l e  
t i s s u e ,  thus the  tem pe ra tu re  ach ieved  in each t i s s u e  w i l l  be expected 
to  be a f u n c t i o n  o f  i t s  b lood  f l o w .  P a t te rs o n  and S t rang  (1979) have 
c a l c u l a t e d  t h a t  i f  one t i s s u e  has tw ic e  the  b lo od  f l o w  o f  a second 
t i s s u e  then on h e a t in g  the  tem p e ra tu re  inc rease  in the  f i r s t  w i l l  be 
o n l y  h a l f  o f  t h a t  a t t a i n e d  in the  second.
D i f f e r e n t i a l  r i s e s  in tem pe ra tu re  as between tumour and normal t i s s u e  
have been found in in vivo s t u d i e s .  Von Ardenne (1978) found t h a t  
lo ca l  h yp e r th e rm ia  decreased the b lood  supp ly  t o  tumours by caus ing  
v a s o d i l a t i o n  o f  v e s s e l s  in  normal t i s s u e ,  w h i l e  in the  tumour the  
c ro s s  s e c t i o n  remained the  same because o f  l a c k  o f  e l a s t i c i t y .  In a 
study o f  97 human tumours Manty la  ( 1979) found t h a t  the tumour b lood  
f l o w  was c o n s i d e r a b l y  lower than t h a t  In the  su r ro u n d in g  normal t i s s u e ,
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Th is  wou ld  suggest  t h a t  h e a t in g  by c o nd u c t io n  th rough  the sk in  
(as has been done In t h i s  s tudy )  would n o t  cause e x c e s s i v e  damage 
to  the s k in  o v e r l y i n g  the  tumour. I t  has s i m i l a r l y  been r e p o r te d  
by Kim and Hahn (1979) t h a t  th e re  i s  s e l e c t i v e  h e a t in g  o f  
s u p e r f i c i a l  tumours as compared w i t h  a d ja c e n t  t i s s u e s  because the 
s k in  over  the  tumour was w e l l  v a s c u l a r  Ised .  In exp e r im e n ts  by 
Dickson and Calderwood (1980) when tumour h e a t in g  was p ro longed  i t  
was found t h a t  b lood  f l o w  in the  tumour was u n a l t e r e d  over a 1 hour 
p e r i o d .  When h e a t in g  was c o n t in u e d  beyond t h i s  t im e  th e re  was a 
p r o g r e s s i v e  decrease  in tumour b lood  f l o w  t o  ze ro  in 3 hours .  In 
c o n t r a s t  the  b lo od  f l o w  th rough  the  s k in  and o t h e r  normal t i s s u e s  
inc reased  20 and 1 0 - f o l d  r e s p e c t i v e l y .  I f  a p p l i c a b l e  t o  tumours in 
genera l  these f i n d i n g s  c o u ld  have im p o r ta n t  i m p l i c a t i o n s  f o r  hea t  
t he rap y  o f  cance r  s in c e  they enab le  the tumour h e a t in g  tempera tu re  
to  be reduced w i t h  t im e  w h i l e  s t i l l  m a i n t a i n i n g  a t h e r a p e u t i c  
tem pera tu re  y e t  g i v i n g  p r o t e c t i o n  t o  the s u r ro u n d in g  normal t i s s u e s .  
T h is  may be a v a l i d  argument f o r  p r o lo n g in g  h y p e r th e r m ia  t r e a tm e n ts ,  
bu t  must be o f f s e t  a g a in s t  any p o s s i b l e  r i s k  o f  i n c r e a s in g  métas tasés .
(3] There have been se vera l  s t u d ie s  t h a t  have shown t h a t  under h ypox ic  
c o n d i t i o n s  tumour c e l l s  a re  more s e n s i t i v e ,  o r  a t  l e a s t  as s e n s i t i v e ,  
to  h y p e r th e rm ia  d e s t r u c t i o n  as under a e r o b i c  c o n d i t i o n s  ( i n  c o n t r a s t  
to  the e f f e c t  o f  X - ra ys  on such c e l l s ) .  T h i s  has been shown ïn V'itro 
by Gerweck, G i l l e t t e  and Dewey (1974 ) ,  Kim, Kim and Hahn (1 975 ) ,
Dewey, T h r a l l  and G i l l e t t e  (1 9 7 7 ) ,  Gerweck (1 977 ) ,  Bass and Moore
(1978) .  The in c re as e  in s e n s i t i v i t y  t o  hea t  may be due to  i n s u f f i c i e n t  
n u t r i t i o n .  An a p p r e c ia b l e  f r a c t i o n  o f  Chinese hamster  c e l l s  in 
c u l t u r e  were k i l l e d  by hea t  in the absence o f  serum, when they lysed  
e i t h e r  d u r i n g  o r  s h o r t l y  a f t e r  heat  exposure .  The presence o f  serum
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I n h i b i t s  the  l y s i s  p rocess .  The r o l e  o f  oxygen and g lu cose  appear 
less  im p o r t a n t ;  c h r o n i c  o r  acu te  d e p r i v a t i o n  o f  oxygen has o n l y  
minor i n f l u e n c e  on s u r v i v a l .  S i m i l a r  c o n c lu s io n s  appear t o  be 
t r u e  f o r  v a r i a t i o n s  in  a v a i l a b l e  g lucose  c o n c e n t r a t i o n s  (Hahn, 1974).  
Dewey e t  al (1977) found t h a t  heat  e l i m i n a t e d  the  r a d i o r e s i s t a n c e  
o f  c h r o n i c a l l y  h ypox ic  tumour c e l l s  In C3H mouse mammary tumours 
imp lan ted  in the legs o f  mice .  They d id  n o t  f i n d  a s e l e c t i v e  thermal  
e f f e c t  on a c u t e l y  h ypo x ic  tumour o r  sk in  c e l l s ,  r e l a t i v e  t o  oxygenated  
c e l l s  w h ich ,  Dewey e t  a l  su gge s t ,  im p l i e s  t h a t  the  most im p o r ta n t  
f a c t o r  In inc reased  thermal  r a d i o s e n s i t i s a t i o n  is  e i t h e r  low pH, as 
i n d i c a t e d  in s t u d ie s  by Overgaard and B iche l  (1 977 ) ,  o r  n u t r i t i o n a l  
d e f i c i e n c y  as found by Hahn.
H i l l  and Denekamp (1978) found t h a t  o c c lu s io n  o f  the  b lood  supp ly  by 
a clamp d u r in g  h e a t in g  had a p ro fo und  c y t o t o x i c  e f f e c t  on tumours.  The 
e f f e c t  o f  i n c r e a s in g  the c lamp ing  t im e  b e fo re  h e a t i n g  was s t u d ie d  and 
I t  was found t h a t  the  p r o p o r t i o n  o f  tumours l o c a l l y  c o n t r o l l e d  
inc reased  f rom 33% i f  the  clamp was a p p l i e d  im med ia te ly  b e fo re  
h e a t i n g ,  t o  83% i f  the  clamp was p re s e n t  f o r  60 m in u tes  b e fo re  h ea t in g  
commenced. No cu res  were observed f o r  heat  a p p l i e d  im med ia te ly  
be fo re  c lamp ing  o r  im m ed ia te ly  a f t e r  re le a se  o f  the  c lamp. T h is  
response c o u ld  r e s u l t  f rom  h y p o x ia ,  n u t r i e n t  d e p l e t i o n ,  m e t a b o l i t e  
a ccum u la t ion  o r  pH changes,  o r  t o  the  loss  o f  c o o l i n g  e f f e c t  o f  f l o w i n g  
b lo od .  In expe r im en ts  where h e a t in g  took  p lace  a t  d i f f e r e n t  t imes  
a f t e r  c la m p in g ,  t h e re  was an i n c r e a s i n g  e f f e c t  as the  p r e - t r e a t m e n t  
under clamped c o n d i t i o n s  was leng thened .  Thus hea t  d i s s i p a t i o n  o r  
hypox ia  is  n o t  as im p o r ta n t  as n u t r i e n t  d e p l e t i o n ,  m e t a b o l i t e  
accum u la t io n  o r  pH changes.  Poor v a s c u l a r i t y  g i v e s  r i s e  t o  l a c t i c  
a c id  p r o d u c t i o n .  T h is  in t u r n  produces a drop in pH in tumours because
o f  a d e t e r i o r a t i n g  c i r c u l a t i o n .  There i s  a marked ly  reduced 
v i a b i l i t y  in c e l l s  heated a t  low pH (Overgaard ,  1 97 6 (a ) ;  Von Ardenne,  
1978) .  Dickson (1978) however re p o r te d  t h a t  a decrease in i n t r a ­
c e l l u l a r  pH (pH;) d id  no t  p o t e n t i a t e  the d e s t r u c t i v e  e f f e c t  o f  hea t  
a t  42°C on tumour c e l l s ,  as measured by t h e i r  a b i l i t y  t o  r e p l i c a t e .  
Dickson sugges ts  t h a t  s e n s i t i v i t y  o f  heated cancer c e l l s  t o  decreased 
e x t r a - c e l l u l a r  pH (pH^) 'in vi-tro may i n v o l v e  damage t o  c e l l  membranes 
o r  o th e r  components. Jackson and Dickson (1979) found  t h a t  decrease 
in pHg was no t  a lways accompanied by a decrease  in p H ; ,  and t h a t  
p o t e n t i a t i o n  o f  the  d e s t r u c t i v e  e f f e c t s  o f  h y p e r th e rm ia  on tumours 
by low pH (pHe is  n o r m a l l y  measured) is  o n l y  e f f e c t i v e  when pH^ i s  
lowered and t h i s  i s  n o t  a lways a s s o c ia te d  w i t h  low p H ; .
[4 ]  I t  i s  p o s s i b l e  t o  m a n ip u la te  a c e l l  p o p u l a t i o n  i-n vitro so t h a t  
the c e l l s  pass th rou gh  the  d i f f e r e n t  phases o f  the  c e l l  c y c l e  in 
synchrony .  I t  has been found t h a t  these  c e l l s  become p r o g r e s s i v e l y  
more r a d i o - r e s i s t a n t  as they  p ro g re s s  th rough  the DNA s y n t h e t i c
(5 ) -ph ase  (Ben-Hur ,  El k in d  and R i k l i s ,  1977).  T h i s  d i f f e r s  f rom the  
e f f e c t  o f  h y p e r th e rm ia  to  wh ich  a l l  c e l l s  in S-phase appear t o  be 
s e n s i t i v e  (Westra and Dewey, 1971).  A c o m b in a t io n  o f  the  two 
m o d a l i t i e s  m igh t  thus be expec ted  t o  be more e f f e c t i v e  than X - ra ys  
a lo ne .
A f u r t h e r  m e r i t  o f  h y p e r th e r m ia  is  t h a t  th e re  i s  some p o s s i b l e  advantage 
in us in g  heat  w i t h  X - ra ys  and d rugs .  T h is  has been e x t e n s i v e l y  s t u d ie d  
by many peop le  i n c l u d i n g  Rob inson,  Wizenburg and McCready (1 974 ) ,  
Yerusha lm i  and Har-Kedar (1 9 7 4 ) ,  H i l l  and Fowler  (1 977 ) ,  Myers and 
F i e l d  (1977) ,  S tew ar t  and Denekamp (19 78 ) ,  Hume and F i e l d  (19 78 ) ,
Jansen,  van der Schueren and B reur  (19 78 ) ,  H i l l ,  Denekamp and T r a v i s
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(1979) and F i e l d  ( I 98O) f o r  hea t  and X - r a y s ,  w h i l e  Suzuki (19&7),
Hahn e t  a l  (1 9 75 ) ,  Dickson and Suzangar (1976) ,  S t e h l i n  e t  al  (1979) 
and A rc a n g e l I  e t  al  (1979) have i n v e s t i g a t e d  heat  and d rugs .
T h is  has been rev iewed by F i e l d  and Bleehen (1979) and the  r e s u l t s  
i n d i c a t e  t h a t  t h i s  is  a most c o n t r o v e r s i a l  a rea .  The t im in g  o f  the 
heat  dose in r e l a t i o n  t o  o th e r  m o d a l i t i e s ,  to  o b t a i n  a t h e r a p e u t i c  
advan tage ,  so t h a t  normal t i s s u e  damage is  less than tumour damage, 
appears t o  be c r i t i c a l .  To c o m p l i c a te  m a t t e r s ,  when hea t  is  
f r a c t i o n a t e d ,  as may be a recommended p rocedure  when i t  is  used in 
c o n j u n c t i o n  w i t h  f r a c t i o n a t e d  r a d i a t i o n  or  drug th e r a p y ,  one must 
take  i n t o  accoun t  the  f a c t  t h a t  t h e re  i s  re s id u a l  t h e rm o to le ra n c e  
b u i l t  up because o f  p r e v io u s  hea t  doses. Th is  has a l s o  been 
i n v e s t i g a t e d  by many w o rke rs  i n c l u d i n g  Dewey e t  al  (1 977 ) ,  Law and 
Hume (1 9 7 9 ) ,  B i c h e r ,  Sandhu and Hetzel  (1979 ) ,  N ie ls e n  and Overgaard
(1979) and Denekamp, H i l l  and S tew ar t  ( I 98O), and the  r e s u l t s  p re s e n t  
a c o n fu s in g  p i c t u r e .
The r e s u l t s  o f  combined hype r th e rm ia  and X-rays are  as a whole 
d i s a p p o i n t i n g  and i t  wou ld  appear t h a t  the  s i t u a t i o n  s t i l l  r e q u i r e s  
f u r t h e r  e v a l u a t i o n .  The o p t im a l  s t r a t e g y  f o r  c o m b in a t io n  o f  heat 
and X - ra ys  has y e t  t o  be d e te rm ined ,  e x p e r i m e n t a l l y  and c l i n i c a l l y .  
C l i n i c a l  data does sugges t  synerg ism between the e f f e c t s  o f  
h yp e r th e rm ia  and some d ru g s ,  bu t  the r e s u l t s  a re  i n c o n c l u s i v e .
1.5  Mode o f  A c t i o n  o f  Hyper the rm ia
The mechanisms whereby h y p e r th e rm ia  m o d i f i e s  c e l l  s t r u c t u r e ,  co m p o s i t i o n  
and b e h a v io u r  have been i n v e s t i g a t e d  and se ve ra l  t h e o r i e s  advanced to  
e x p l a i n  what  happens when tumours a re  t r e a t e d  w i t h  h y p e r th e r m ia .  Some
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o f  the changes found are  in :
[ 1] c e l l  membrane s t r u c t u r e  and p e r m e a b i l i t y
[ 2] lysosome s t a b i l i t y
[ 3] r e s p i r a t o r y  d e p re s s io n .
[ 1] One p o s s i b l e  mechanism o f  c e l l  death by heat  i s  damage to  c e l l  
membranes. These are ve ry  s e n s i t i v e  to  smal l  changes in tem pera tu re  
and show sharp phase t r a n s i t i o n s  (W al lach ,  1978).  The r o l e  o f  membrane 
l i p i d s  as the c r i t i c a l  t a r g e t s  is r e c e i v i n g  su pp o r t  f rom s tu d ie s  
us ing  u n s a tu ra te d  f a t t y - a c i d - r e q u i r i n g  mutan ts (Y a tv in  and Dennis,  
1977).  These wo rke rs  show t h a t  membrane f l u i d i t y  is  c o r r e l a t e d  w i t h  
h yp e r th e rm ic  k i l l i n g  ( l o c a l  a n a e s th e t i c s  such as p r o c a in e ,  which 
f l u i d i s e  membranes, in c re ase  s e n s i t i v i t y  t o  h y p e r th e rm ic  c e l l  k i l l i n g  
( Y a t v i n ,  1 977 ) ) .  L i p i d s  a t  normal tem pera tu res  a re  in a l i q u i d  
c r y s t a l  s t a t e  in wh ich  they r e t a i n  t h e i r  r e l a t i v e  p o s i t i o n ,  though can 
r o t a t e .  P r o te i n s  make up much o f  the  membrane mass, and th e re  is  a 
complex p r o t e i n - l i p i d  c o n f i g u r a t i o n  in the c e l l  membrane. Wal lach 
proposed t h a t  plasma membrane p r o t e i n s  o f  severa l  c e l l  types undergo 
major  s t r u c t u r a l  a l t e r a t i o n s  in the  p h y s i o l o g i c a l  t o  h yp e r th e rm ic  
tem pera tu re  range and t h a t  these changes become i r r e v e r s i b l e  above a 
c r i t i c a l  te m p e ra tu re .  Loshek (1976) p l o t t e d  the l o g a r i t h m  o f  the 
‘ c e l l  I n a c t i v a t i o n '  o f  c e l l s  in vitro a g a in s t  the r e c i p r o c a l  o f  the 
a b s o lu te  tem pe ra tu re .  From the r e s u l t s  o b ta in ed  f rom t h i s  p rocedure  
Loshek c a l c u l a t e d  t h a t  p r o t e i n  is  a t a r g e t  f o r  h y p e r th e rm ia .  He 
suggests t h a t  the p r o t e i n  d i s r u p t i o n  occurs  a t  about  a c r i t i c a l  
tem pera tu re  o f  42-5°C. L e t t  and C la r k  (197 8) found a l s o  th a t  above 
t h i s  c r i t i c a l  t e m p e ra tu re ,  wh ich  they found to  va ry  s l i g h t l y  between 
d i f f e r e n t  systems, enzymes and o th e r  p r o t e i n s  a s s o c ia te d  w i t h  DNA were
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dena tu red  o r  i n a c t i v a t e d  and remained so f o r  ex tended i n t e r v a l s .
Th is  w i l l  lead to  changes in  membrane s t r u c t u r e  wh ich  may lead to  
changes in membrane p e r m e a b i l i t y .
Even moderate tem pe ra tu re  changes lead to  m o d i f i e d  p e r m e a b i l i t y .
Hahn, Braun and Har-Kedar (1975) found Adr îamyc in  and Bleomycin 
more e f f e c t i v e  in chemotherapy t re a tm e n t  a t  42-43°C than a t  normal 
body tem pera tu re  and they p o s t u l a t e d  t h a t  the enhancement p ro ba b ly  
l i e s  in the in c reased  plasma membrane p e r m e a b i l i t y .  The re v e rs e ,  
however,  appears t o  happen w i t h  v i t a l  dyes used t o  t e s t  c e l l  
v i a b i l i t y .  Dye e x c lu s i o n  t e s t s  r e f l e c t  the  competence o f  c e r t a i n  
c e l l u l a r  membranes. No rm a l l y  e x c l u s i o n  o f  v i t a l  dyes i s  regarded as 
a r e l i a b l e  method o f  a ssess ing  v i a b i l i t y  in  c e l l  suspens ions  under 
normal c o n d i t i o n s  (D ickson and Shah, 1972).  The use o f  such s t a i n s  
as t rypan  b lu e  a f t e r  h y p e r th e r m ia  suggest  a h i g h e r  v i a b i l i t y  than 
was o b ta in e d  by a d i r e c t  assay o f  c o lo n y  f o r m a t i o n  ( H a r r i s ,  1966;
Muckle and D ickson ,  1971).  G i o v a n e l l a ,  Lehman and Heidel  b e rg e r  (1 970) 
a l s o  found t h a t  a f t e r  2 hours a t  43°C, 15% o f  LI 210 leukaemia c e l l s  
were u n s ta in e d  and thus appeared to  be v i a b l e ,  y e t  i n j e c t i o n  o f  
1x 10^ c e l l s  i n t o  mice caused no d e a th s ,  y e t  in  t h i s  assay a s i n g l e  c e l l  
t h a t  is  v i a b l e  can cause d ea th .  Thus the  e x c lu s i o n  o f  v i t a l  dyes as 
an i n d i c a t o r  o f  v i a b i l i t y  canno t  be used a f t e r  h y p e r th e r m ia .
[2 ]  Increased lysosomal  a c t i v i t y  is  a l s o  fav o u re d  as a mechanism f o r  
caus ing  c e l l  death d u r in g  h y p e r th e r m ia  t r e a tm e n t .  A few hours a f t e r  
h ype r th e rm ia  t r e a tm e n t  in the  c u r a t i v e  range t h e re  i s  a marked 
inc rease  in the number o f  lysosomes and in lysosomal  a c t i v i t y  
(Overgaard and Overgaard ,  1972, 1975: Overgaard ,  1976b).  Lysosomes
c o n t a in  many h y d r o l y t i c  enzymes capab le  o f  d i g e s t i n g  c e l l u l a r
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components, so leakage I n t o  the  cy top lasm  th rough  the  lysosome 
membrane would cause e x t e n s i v e  damage. B a r r a t t ,  Keech and W i l l s  
( 1978) a l s o  found t h a t  in  mouse tumours su b jec te d  t o  tem pera tu res  
o f  41.5 -  43.5°C f o r  1 hou r ,  t h e re  was immediate in c reased  lysosomal  
a c t i v i t y ,  as measured by an in c rease  in a c id  phosphatase .  I t  
r e tu rn e d  to  normal a f t e r  24 hours .  Hume, Rogers and F i e l d  (1978) 
found t h a t  h e a t in g  t o  t e m pe ra tu res  below 42.5°C caused no o bs e rv a b le  
change in lysosomal membrane p e r m e a b i l i t y  in normal t i s s u e ,  a l t h o u g h  
the re  was a t r a n s i e n t  Inc rease  in a c id  phosphatase a c t i v i t y .  H ea t ing  
to  tem pera tu res  above 42.5°C r e s u l t e d  in an immediate in c re ase  in 
lysosomal  membrane p e r m e a b i l i t y  wh ich  may be r e l a t e d  t o  d i r e c t  c e l l  
k i l l i n g  by h y p e r t h e r m ia .  A le ss  n o t i c e a b l e  in c rease  in  lysosomal  
a c t i v i t y  seems t o  o ccu r  in  non-tumour c e l l s  (Overgaard ,  1976),  bu t  as 
tumour c e l l  lysosomes a re  more l a b i l e  to  heat  than those  o f  normal 
c e l l s  (Turano e t  a l ,  1970) the  d e s t r u c t i v e  c a p a c i t y  may be s e l e c t i v e l y  
enhanced in tumour c e l l s .  Turano e t  a l  i n v e s t i g a t e d  the  thermal  
s t a b i l i t y / l a b i l i t y  o f  lysosomes i s o l a t e d  f rom normal and n e o p l a s t i c  
t i s s u e s .  The i s o l a t e d  normal lysosomes were l a b i l e  a t  38°C and 
in c u b a t io n  a t  43° in c reased  the  r a t e  o f  re le ase  o f  p r o t e o l y t i c  enzymes 
The lysosomes f rom  N o v i k o f f  hepatoma c e l l s  were more s e n s i t i v e  than 
those  f rom e i t h e r  normal o r  r e g e n e r a t i n g  l i v e r  c e l l s ,  bo th  a t  38°C 
and 43°C.
For example, the re le a s e  o f  h y d r o l y t i c  enzymes f rom the  lysosomes 
was compared a t  38°C and a t  43°C, a f t e r  f r e e z i n g  and thaw ing  the 
lysosomes -  a p rocedu re  wh ich  s p e c i f i c a l l y  d i s r u p t s  c e l l  lysosomes.  
From normal l i v e r  i t  was 8.3% a t  38°C and 29% a t  43°C, r e g e n e r a t i n g  
l i v e r  12% and 33% w h i l e  in N o v i k o f f  hepatoma c e l l s  i t  was 17% and 
81 % r e s p e c t i v e l y .  Thus f rom t h i s  s tudy  i t  appears t h a t  lysosomes a re
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the cause o f  the s p e c i f i c  s e n s i t i v i t y  o f  tumour c e l l s  t o  h igh  
tempera tu r e s .
Burger and Fahrman (1964) a l s o  found ve ry  l i t t l e  a c i d  phosphatase 
a ccum u la t ion  in normal r a t  t i s s u e  a t  tempera tu res  f rom 38°C to  42°C 
( though t h e re  was po tass iu m leakage a t  these te m p e ra tu r e s ) .  Dickson 
and Shah (1972) f oun d ,  however,  leakage o f  l a c t a t e  dehydrogenase in 
r a t  mammary tumour c e l l s  a f t e r  h e a t i n g  f o r  3 hours a t  42°C. Symonds 
(pers.comm.)  found t h a t  the  env i ronm en t  s t r o n g l y  i n f l u e n c e s  c e l l  
s e n s i t i v i t y  t o  hea t .  When LI 210 leukaemic c e l l s  a re  in  the a s c i t e s  
env i ronment  they a re  more r e s i s t a n t  t o  heat  than when they a re  in the
marrow e nv i ro n m e n t ,  when they a re  ve ry  s e n s i t i v e  t o  hea t .  T h is
d i f f e r e n c e  may p o s s i b l y  r e f l e c t  leakage o f  lysosomal enzymes f rom 
damaged ce l  I s .
[3 ]  Heat a l s o  induces r e s p i r a t o r y  d e p re s s io n ,  wh ich  appears t o  take 
p lace  s e l e c t i v e l y  in m a l i g n a n t  c e l l s  ( C a v a l i e r e  e t  a l ,  1967; Mondovi 
e t  a l ,  1969; Muckle and D ickson ,  1971) wh ich  may in t u r n  cause c e l l s  
to  become h ypo x ic  w i t h  a s s o c i a te d  n u t r i e n t  d e f i c i e n c y .  These c e l l s  
have been found t o  be more heat  s e n s i t i v e  ( H i l l  and Denekamp, 1978). 
Heat would thus have a t w o - f o l d  e f f e c t .  Muckle and Dickson found t h a t  
O2 uptake in vitro in c e l l s  f rom 8 d i f f e r e n t  tumours was s i g n i f i c a n t l y  
depressed a f t e r  h e a t i n g  f o r  1 hour a t  42°C compared w i t h  the O2 uptake 
f rom the same tumour c e l l s  kep t  a t  37-5°C. They a l s o  found t h a t  
normal r a b b i t  l i v e r ,  k idn ey  and red b lood  c e l l s  showed no depress ion  
o f  O2 uptake a t  42°C. C e l l s  heated i n  vitro a t  42°C produced no
tumours when i n j e c t e d  i n t o  the  hos t  I f  the c e l l s  had been m a in ta in e d
a t  t h i s  tem pe ra tu re  f o r  more than 2 hou rs ,  even though 50% o f  the c e l l  
p o p u la t i o n  was found to  be v i a b l e  a t  t h i s  t im e .  V i a b i l i t y  was assessed
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by dye e x c lu s io n  t e s t s ,  however t h i s  t e s t  has been shown t o  g i v e  too  
h ig h  an a ppa ren t  v i a b i l i t y  a f t e r  h ype r th e rm ia  because o f  a l t e r a t i o n s  
in the competence o f  c e r t a i n  c e l l  membranes a f t e r  h y p e r t h e r m ia ,  as 
a l r e a d y  d is c u s s e d .
Dickson and Shah (1972) found  dep ress ion  o f  r e s p i r a t i o n  a f t e r  h e a t in g  
r a t  mammary carc inoma c e l l s  f o r  3 hours a t  42°C. They found 
a na e ro b ic  g l y c o l y s i s  however t o  be a f f e c t e d  o n l y  by p ro lo n g e d  h e a t in g  
(6 hours a t  42°C) and t h a t  r e s t o r a t i o n  o f  the  g l y c o l y s i s  and 
r e s p i r a t o r y  r a t e s  towards normal  v a lu es  a f t e r  moderate  amounts o f  
heat  p a r a l l e l e d  the  re co ve ry  o f  r e p l i c a t i v e  a b i l i t y  o f  the  c u l t u r e d  
c e l l s .
1.6 The Ma jo r  Problem o f  H e ta s ta s r s
The a b i l i t y  o f  m a l i g n a n t  tumours t o  m e ta s ta s is e  t o  o t h e r  s i t e s  where 
t h e i r  p resence  in v i t a l  o rgans  can cause the  p a t i e n t ' s  d e a th ,  i s  a 
m a jo r  p rob lem.  T h i s  can a r i s e  even when the  lo c a l  p r im a ry  tumour 
has been e r a d i c a t e d .  Thus when c o n s i d e r i n g  the  method o f  t r e a tm e n t  
o f  the p r im a ry  neoplasm a t t e n t i o n  must be g iven  t o  the  p o s s i b i l i t y  
o f  i n c r e a s i n g  the r i s k  o f  m e t a s t a s i s .  T h is  i s  p a r t i c u l a r l y  im p o r ta n t  
s in c e  two t h i r d s  o f  a l l  p a t i e n t s  w i t h  cance r  d i e  f rom  m e t a s t a t i c  
d ise ase  r a t h e r  than f rom lo c a l  i n v a s io n .
H ype r the rm ia  may cause m é tas tasés .  Enhanced d i s s e m i n a t i o n  o f  the 
Yosh ida sarcoma in r a t s  was r e p o r te d  (D ickson  and E l l i s ,  1974, 1976) 
as a r e s u l t  o f  l o c a l  h e a t i n g  a t  tem pera tu res  wh ich  were n o t  adequate  
f o r  comp le te  tumour d e s t r u c t i o n .  Dickson and E l l i s  suggested t h a t  
l o c a l  h y p e r th e rm ia  may change the  m o b i l i t y  o f  tumour c e l l s  because o f  
some m o d i f i c a t i o n  o f  c e l l  s u r f a c e ,  and t h a t  l o c a l  a c t i v e  hyperaemia
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may p re d ispo se  t o  inc reased  ' s h o w e r in g '  o f  tumour c e l l s  i n t o  the 
b lood  s t ream. Van D i j k  and B reur  (1979 ) ,  who have s tu d ie d  d i f f e r e n t  
h e a t in g  tech n iques  on mammary tumours s i t u a t e d  on the  backs and legs 
o f  mice ,  a l s o  found lo c a l  heat  to  i n i t i a t e  métastasés (p e rs .com m .) .  
Yerushalmi  (1976) f a i l e d  t o  f i n d  p romot ion  o f  métas tasés o f  the  Lewis 
lung carc inoma by l o c a l  h e a t i n g ,  bu t  noted e a r l i e r  appearance o f  
pulmonary métas tasés a f t e r  t o t a l  body h y p e r th e r m ia ,  a t  a tem pe ra tu re  
which was o b v i o u s l y  inadequa te  f o r  comple te  tumour c e l l  d e s t r u c t i o n .  
From the r e s u l t s  quo ted In the  s tudy  by Yerushalmi  however,  i t  is  
d i f f i c u l t  t o  draw any f i r m  c o n c lu s io n s  about  m e t a s t a t i c  spread a f t e r  
h y p e r th e rm ia ,  Yerusha lm i  c la im e d  t h a t  the appearance o f  métastasés 
was observed sooner a f t e r  l o c a l  h e a t in g  o f  tumours:  however,  the
d i f f e r e n c e s  in t im es  o f  appearance o f  métas tasés were o n l y  0 , 1 o r  
2 days and the  numbers o f  a n im a ls  in the  t r i a l  was s m a l l ,  so i t  i s  
d o u b t f u l  i f  the r e s u l t s  showed any s i g n i f i c a n t  d i f f e r e n c e  in 
m e t a s t a t i c  r a te s  a f t e r  the  d i f f e r e n t  types o f  h e a t i n g .  These r e s u l t s ,  
however,  taken a lo ng  w i t h  the  r e s u l t s  o f  Dickson and E l l i s  do suggest  
t h a t  inadequa te  h e a t i n g  c o u ld  be dangerous.  Yerusha lmi  suggested 
t h a t  e l e v a t i o n  o f  body te m p e ra tu re  t o  a tem pe ra tu re  below the  c r i t i c a l  
tem pera tu re  may lead to  s t i m u l a t i o n  o f  p remature  a c t i v i t y  o f  tumour 
c e l l s  a l r e a d y  p re s e n t  a t  m e t a s t a t i c  s i t e s ,  o r  t o  changes in the  
m o b i l i t i e s  o f  c e l l s  In t h e  p r im a ry  tumour.  He a l s o  suggested t h a t  
the re  may be a l t e r a t i o n s  in p r o p e r t i e s  o f  the  t i s s u e  concerned in 
m e t a s t a t i c  d i s t r i b u t i o n  o f  b lood  mediated m é tas tasé s ,  o r  as Dickson 
and E l l i s  a l s o  p roposed,  t h a t  th e re  may be a dep re ss io n  in the immune 
defence mechanism, le a d in g  t o  a more r a p id  spread o f  m é tas tasés .  I t  
is  p o s s i b l e  t h a t  the  m é tas tasés  f rom a l l  these  causes may have a r i s e n  
because o f  poor te m p e ra tu re  d i s t r i b u t i o n  w i t h i n  the  p r im a ry  tumour
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d u r in g  h y p e r th e r m ia .  The p i c t u r e  i s  s t i l l  n o t  c l e a r  as to  what 
are the mechanisms o f  enhanced métastasés by h ype r the rm ia  b u t  i t  
co u ld  be due to ;
inadequate  h e a t i n g  
inc reased  shedd ing o f  tumour c e l l s  
in c reased  m e tabo l i sm  o f  shed c e l l s  
changes In hos t  immun i ty .
1.7 C r i t i q u e  o f  P resen t  S ta te  o f  Knowledge and Aims o f  the  Presen t  
Study
P rev ious  work by C r i l e  ( 1 9 61 ) ,  Dickson and Muckle (1972 ) ,  T h r a l l  e t  a l  
(1973) ,  Dickson and E l l i s  (1 9 7 4 ) ,  Robinson e t  a l  (1975 ) ,  Cetas e t  al 
(1977) and o t h e r s  (see Ta b le  1 .2 )  had e s t a b l i s h e d  a s o l i d  co re  o f  
knowledge on the  response o f  animal  tumours t o  h e a t ,  a l l o w i n g  a 
c r i t i c a l  reassessment o f  some o f  the techn ique s  wh ich  have been used 
in e a r l i e r  s t u d i e s .  T h is  o v e r v ie w  showed t h a t  i n a p p r o p r i a t e  tumour 
models had f r e q u e n t l y  been used -  such as one o f  the  tumour systems 
used by C r i l e ,  wh ich  was a poor one f o r  human cance r  in t h a t  the  
tumour o f t e n  spon tan eou s ly  re g ressed .  i t  has a l s o  been p o in te d  ou t  
t h a t  e a r l i e r  s t u d i e s  had shown a c lo s e  c o r r e l a t i o n  between degree o f  
c e l l  k i l l i n g  and v e ry  smal l  changes in  te m p e ra tu re .  I t  is  t h e r e f o r e  
e v id e n t  t h a t  se ve ra l  r e g u l a r l y  used h e a t in g  systems g i v e  f a r  too  
la rg e  tumour t em pe ra tu re  g r a d i e n t s  (see f o r  example Tab le  3 .11)  so 
t h a t  a reas  w i t h i n  the heated tumours may n o t  reach a tem pe ra tu re  
where th e re  would  be c e l l  k i l l i n g .  I t  was t h e r e f o r e  necessary  t h a t  
any new s tudy  on the  e f f e c t  o f  h yp e r th e rm ia  on tumours must overcome 
these two d i f f i c u l t i e s  by hav ing ;
an a p p r o p r i a t e  tumour system f o r  the p a r t i c u l a r  q u e s t i o n  t h a t  was
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be ing asked
a v e ry  c a r e f u l l y  c o n t r o l l e d  h e a t in g  system which  would p e r m i t  
a f u l l  i n v e s t i g a t i o n  o f  the r o l e  o f  t em pe ra tu re  and the d u r a t i o n  
o f  h y p e r th e rm ia  when a p p l i e d  t o  a l o c a l i s e d  tumour.
Whi le  some o f  the p r e v io u s  e x p e r im e n ta l  work c a r r i e d  o u t  was o f  a 
ve ry  h igh  s t a n d a r d ,  and many aspec ts  o f  tumour t r e a tm e n t  us ing  
e le v a te d  tem pera tu res  had been i n v e s t i g a t e d ,  i t  seemed t h a t  one ve ry  
s p e c i f i c  problem would  be w o r th  f u r t h e r  s t u d y ,  us in g  a t ec h n iq u e  w i t h  
as few v a r i a b l e s  as p o s s i b l e .  An im p o r ta n t  aspec t  o f  any t re a tm e n t  
i s  whe the r o r  n o t  i t  in c reases  the  p o s s i b i l i t y  o f  m é tas ta sés .  The 
work o f  Kaae (1953 ) ,  Kaplan and Murphy (1949) and G u l le dge  (1961)
(see 4 . 1 . 2 )  f o r  example had suggested t h a t  I r r a d i a t i o n  o r  s u r g i c a l  
removal o f  tumours may in c re a s e  métas tasés  and the s t u d ie s  o f  Dickson 
and E l l i s  (1974,  1976) and o f  Yerusha lm i  (1976) had suggested t h a t ,  
under c e r t a i n  c o n d i t i o n s ,  h y p e r th e rm ia  m ig h t  a l s o  in c re as e  the  r i s k  
o f  métas tasés  w h i l e  Smachio e t  a l  (1979) have c la im ed  t h a t  
h ype r th e rm ia  o b ta in e d  by u l t r a s o u n d  (see 1. 3. 2) gave r i s e  to  no 
m étas tasés .  The reasons f o r  t h i s  r e q u i r e d  c o n s i d e r a t i o n .
I t  is  t h e r e f o r e  e v i d e n t ,  f rom the  shor tcom ings  o f  the  a v a i l a b l e  
tech n iq ues  a t  the  t im e  t h i s  s tud y  began,  t h a t  f o r  e f f e c t i v e  tumour 
t r e a tm e n t  by hea t  the h e a t in g  te c h n iq ue  must  be v e ry  r i g i d l y  c o n t r o l l e d  
and t h a t  any r e q u i r e d  i n t r a - t u m o u r  t em pe ra tu re  must  be reached w i t h i n  
a g ive n  t im e .  The system however must be f l e x i b l e  so t h a t  d i f f e r e n t  
h e a t in g  regimes c o u ld  be examined.  The tumour system to g e t h e r  w i t h  
the h e a t in g  te ch n iq u e  must be one wh ich  has as few v a r i a b l e s  as p o s s i b l e  
and no f a c t o r s  wh ich  m ig h t  make i n t e r p r e t a t i o n  o f  r e s u l t s  d i f f i c u l t  
(see 2 . 4 . 1 ) .
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I t  is e v i d e n t  t h a t  the  problem o f  d e l i v e r i n g  heat  t o  a tumour 
m e r i t s  thorough i n v e s t i g a t i o n  and the main l i n e s  o f  the  i n v e s t i g a t i o n  
in t h i s  t h e s i s  were:
to  choose a tumour system wh ich  would be r e l e v a n t  t o  human cancer 
to  d e v i s e  a t e c h n iq u e  f o r  g i v i n g  l o c a l i s e d  u n i fo rm  h e a t i n g  t o  
t h i s  tumour ,  w i t h o u t  any sys tem ic  h y p e r th e r m ia ,  in o r d e r  t h a t  the  
area o f  s tudy  c o u ld  be l i m i t e d  to  the e f f e c t  o f  tem pe ra tu re  on 
the tumour
to  measure the  tumour g ro w th  r a t e  b e fo re  and a f t e r  t r e a tm e n t  and 
to  use t h i s  i n f o r m a t i o n  t o g e t h e r  w i t h  the g row th  d e la y  a f t e r  
t r e a tm e n t  t o  i n v e s t i g a t e  c e l l  k i l l .  A compar ison w i t h  growth  
d e la y  a f t e r  X - ra y s  wou ld  then g i v e  i n f o r m a t i o n  abou t  the  mechanisms 
go ve rn in g  reg ro w th  a f t e r  h ype r th e rm ia
t o  i n v e s t i g a t e  p o s s i b l e  d i f f e r e n c e s  in  m e t a s t a t i c  r a t e s  a f t e r  
d i f f e r e n t  regimes o f  l o c a l i s e d  h y pe r th e rm ia  and t o  compare t h i s  
w i t h  m e t a s t a s i s  a f t e r  X - ra y s  and su rge ry  u s in g  the  same tumour.
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TABLE 1 . 3
THERMOSENSITIVtTY OF COMPARABLE NORMAL AND MALIGNANT 
CELLS ASSESSED BY CLONOGENIC ASSAY
A utho r Normal C e l l  Ma 1 Ign an t  Cel 1 Di f f e r o n t i a 1
Chen and 
Hei del  b e r g e r  ce l  1 
(1969)
mouse p r o s t a t e  t ra ns fo rm e d  mouse 
p r o s t a t e  ce l  1
G i o v a n e l 1 a 
e t  a l  
(1973)
mouse
m esenchym a1 
embryonic c e l l s
mouse sarcoma c e l l s
S t e h l i  n 
e t  a l  ( 1975)
human
embr yon 1c 
me lanocy tes
human ma 1i gnant  
me lanocy tes
H a r i s i a d l s  r a t  l i v e r  c e l l s  r a t  hepatoma c e l l s  
e t  a l  (1975)
Kase and human
Hahn (1975) embryonic
f I b r o b l a s  t s
t ra n s fo rm e d  human 
embryonic  f i b r o b l a s t s
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2.0 PROPERTIES OF THE C3H TUMOUR SYSTEM
2.1 I n t r o d u c t i o n  -  The C3H Tumour As a Model t o  Tes t  The E f f e c t s  
o f  Hype r the rm ia
A b r i e f  i n t r o d u c t i o n  to  the  v a r i o u s  techn iq ues  used in t h i s  c h a p te r  
w i l l  be g ive n  in o r d e r  t o  show how these  r e l a t e  t o  the o b j e c t s  o f  the 
p re s e n t  s tudy  wh ich  were to  i n v e s t i g a t e  bo th  the  l o c a l  and the  
sys tem ic  e f f e c t s  o f  h y p e r t h e r m ia .  The c h o ic e  o f  a s u i t a b l e  tumour 
system had t o  meet these  e x p e r im e n ta l  r e q u i r e m e n ts ,  and v a r io u s  
e xpe r im en ts  were s e t  up t o  t e s t  t h i s  s u i t a b i l i t y .
To s tudy  the  l o c a l  e f f e c t  o f  t r e a t m e n t  t h e re  had t o  be no a r t i f a c t u a l  
immunological  f e a t u r e s  wh ich  would  a f f e c t  the  ' t a k e '  r a t e  when tumour 
c e l l s  were i n j e c t e d ,  o r  would  cause spontaneous tumour r e g r e s s io n .  
Immunogenïcît y  had thus  t o  be t e s t e d  f o r  and t h i s  was c a r r i e d  o u t  by 
' p r e - im m u n i s i n g '  a n im a ls  w i t h  l e t h a l  l y  i r r a d i a t e d  c e l l s  b e fo re  
i n o c u l a t i n g  w i t h  tumour c e l l s  o f  known g row th  p o t e n t i a l .
The tumour s e le c te d  had t o  t r a n s p l a n t  r e l i a b l y  u s ing  a tech n iq ue  which  
would g i v e  r e p r o d u c i b l e  r e s u l t s ,  and t o  g i v e  e a s i l y  measurable tumours.  
These had to  show s t a b l e  g rowth  k i n e t i c s .  In o r d e r  t o  m a in ta in  r e l i a b l e  
g rowth  k i n e t i c s  and h i s t o l o g i c a l  c h a r a c t e r i s t i c s  o ve r  a p e r io d  o f  
t im e ,  s e l e c t i o n  had t o  be avo ided  in  t r a n s p l a n t i n g  tumours .  A rese rve  
o f  tumour c e l l s  o f  known c h a r a c t e r i s t i c s  was m a in ta in e d .
Because when tumours a re  ve ry  smal l  the  g row th  r a t e  cannot  be measured 
d i r e c t l y  a l i m i t i n g  d i l u t i o n  assay was employed.  From t h i s  the 
growth  ra te  o f  a s i n g l e  tumour c e l l  was i n f e r r e d  f rom  d i f f e r e n t  g rowth  
de lay  t im es  a f t e r  i n o c u l a t i o n  o f  s e r i a l l y  d i l u t e d  tumour c e l l s .  The 
g rowth  r a t e  was a l s o  measured when l e t h a l l y  i r r a d i a t e d  c e l l s  were 
mixed w i t h  these d i l u t e d  tumour c e l l s .  T h is  s im u la te s  more n e a r l y  the
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s i t u a t i o n  o b t a i n i n g  a f t e r  t r e a tm e n t  when tumours c o n t a in  a m ix t u r e  
o f  v i a b l e  and dead o r  d y in g  c e l l s .  The d i l u t i o n  assay a l s o  
p e r m i t t e d  e s t im a te s  o f  c e l l  number and c e l l  d o u b l i n g  t imes t o  be 
made a t  d i f f e r e n t  p e r io d s  in the tum ou r ' s  h i s t o r y .  A t  l a t e r  s tages 
tumours can be measured d i r e c t l y  and those measurements were made 
r e g u l a r l y  o v e r  the p e r io d  o f  s tudy  t o  c o n f i r m  t h a t  no change in 
growth  ra te  was t a k i n g  p la c e .
To a l l o w  the  i n v e s t i g a t i o n  o f  the  sys tem ic  e f f e c t  o f  l o c a l  t r e a tm e n t  
tumours shou ld  n o t  m e tas tasüe to o  e a r l y  o r  too  f r e q u e n t l y ,  and 
p r e l i m i n a r y  s t u d ie s  o f  the  p a th o lo g y  o f  tum ou r -b e a r in g  an im a ls  were 
made to  e l u c i d a t e  t h i s .  These s t u d i e s  suggested t h a t  the  C^H tumour 
would meet these re q u i re m e n ts .
The v a r i o u s  aspec ts  o f  the  t ech n iq ue s  employed t o  i n v e s t i g a t e  the  
s u i t a b i l i t y  o f  the  C3H m u l t i - g e n e r a t i o n  mammary ca rc in om a,  wh ich  have 
been o u t l i n e d  above, w i l l  now be d e a l t  w i t h  more f u l l y .
2 .2  Methods
2.2.1 Animat Procedures
2.2.1.1 Care of animats
Normal ,  h e a l t h y  v i r g i n  C3H/He mice o f  e i t h e r  sex (as t h e r e  had been no 
evidence  t h a t  sex had a f f e c t e d  the  tumour growth  r a t e  o r  h i s t o l o g y )  
were used in  our  e x p e r im e n ts .  The mice t o  be t r e a t e d  were aged between 
8 and 12 weeks and t h e i r  w e ig h t  was 20-25 grams. Mice were bred ,in 
our  own animal  house by c o n v e n t i o n a l  in b re d  m a t ing  system. Mice were 
housed in  p o l y p r o p y le n e  cages w i t h  a maximum o f  10 mice per cage. They 
were fed  on D ie t  4l wh ich  i s  produced by the  Angus M i l l i n g  Company, 
P e r th ,  and s u p p l i e d  by W i l l i a m  Shearer  and Company, Glasgow. Animals
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were p ro v id e d  w i t h  tap  w a te r  ad tibitum. S t e r i l e  p r e c a u t i o n s  were 
taken to  reduce the  r i s k  o f  d isease  sp read in g  and the  s t a t e  o f  
h e a l t h  o f  the an imals  was under c o n s ta n t  s u p e r v i s i o n .  The p r e c a u t i o n s  
taken  in c lu de d  a u t o c l a v i n g  a l l  cages and w a te r  b o t t l e s .  The room 
where e x p e r im e n ta l  an im a ls  were housed was kept  a t  a c o n s ta n t  
tem pe ra tu re  o f  22°C w i t h  h u m id i t y  o f  50% and 12 hours  l i g h t  and 12 hours 
da rk  -  l i g h t  be ing 7 a.m. t o  7 p.m. An imals  were coded us in g  a 
s a tu r a t e d  s o l u t i o n  o f  p i c r i c  a c i d .  T h is  was a p p l i e d  t o  the  f u r  w i t h  a 
p a i n t  b rush  and l a s t e d  f o r  the l e n g th  o f  t im e  o f  o b s e r v a t i o n  and no sk in  
i r r i t a t i o n  was ever  n o te d .
Several  c r i t e r i a  were co n s id e re d  in choos ing  a p o s i t i o n  on the  mouse to  
s i t e  the  tumour:
tumours shou ld  be e a s i l y  measurab le :  the  s k in  on the  back i s  ve ry
loose  and th e re  is  easy p a l p a t i o n  and measurement o f  th re e
p e r p e n d i c u l a r  d ia m e te rs .  Since th e re  is  l i t t l e  o p p o s i t i o n  t o  growth
a t  t h i s  s i t e  tumours a re  d i s c r e t e  and n o n - i n v a s i v e ,
the  tumour shou ld  n o t  be r e s t r i c t i n g ,  t o  ga in  access t o  f o o d ,  as had
been found when mice had tumours a t  o t h e r  s i t e s ,  such as the  t h i g h  
and v e n t r a l  a s p e c t .
the  s i t e  chosen shou ld  be s u i t a b l e  f o r  the  t ype  o f  h e a t in g  techn ique s  
in v o l v e d  in t h i s  s tudy  wh ich  gave u n i fo rm  dry  hea t  t o  the  tumour bu t  
d i d  n o t  cause d i s t r e s s  t o  the a n im a ls ,  wh ich  d i d  n o t  thus r e q u i r e  to  
be a n a e s th e t i s e d  (see 4 . 4 . 1 ) ,  Fu r the rm ore ,  the  s i t e  shou ld  be 
s u i t a b l e  f o r  t e s t i n g  o t h e r  m o d a l i t i e s ,  e . g .  r a d i a t i o n  and s u r g e r y ,  
s in c e  compar ison o f  e f f e c t  o f  h ype r th e rm ia  a f t e r  d i f f e r e n t  m o d a l i t i e s  
was be ing  i n v e s t i g a t e d .
Anima ls wh ich  had been im p lan ted  w i t h  tumours were n o r m a l l y  t r e a t e d  when
F ig u re  2.1
Small Tumour Showing Needle  Track  (Reproduced From xIO)
Tumours were f i x e d  in 10% formal  s a l i n e ,  p a r a f f i n  
embedded and s e c t io n e d  a t  7u- S t a i n i n g  was w i t h  
h aem a tox y l in  and e o s i n .
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the  tumour measured 6- 7mm in d i a m e te r ,  and tumours o f  t h i s  s i z e  
were a l s o  used f o r  t r a n s p l a n t a t i o n .  Where tumours regrew a f t e r  
t re a tm e n t  the an imals  w i t h  tumours were s a c r i f i c e d  when these  were 
10mm in d ia m e te r .  Only In e xp e r im e n ts  where tumour g rowth  was be ing  
i n v e s t i g a t e d  were tumours a l l o w e d  t o  grow to  l a r g e r  s i z e s .  Mice wh ich  
appeared unwel l  were a lways s a c r i f i c e d  and were examined f o r  cause o f  
dea th .  A f t e r  t r e a t m e n t ,  an im a ls  were observed f o r  100 days ,  a l t h o u g h  
reg row th  a f t e r  h yp e r th e rm ia  a lways o c c u r re d  much e a r l i e r  than t h i s  
(see 4 . 3 . 1 ) .  No spontaneous tumours appeared d u r i n g  t h i s  p e r i o d  o f  
o b s e rv â t  i on.
2.2.1.2 Tumour transplant technique
Tumours were t r a n s p l a n t e d  by a s e p t i c  removal in  a f l o w  c a b i n e t  f rom donor 
an im a ls  im m ed ia te ly  a f t e r  s a c r i f i c e .  Tumours were s e le c te d  wh ich  had 
grown a t  a normal g row th  r a t e  (see 2. 3. 2) and wh ich  were n o t  a t t a c h e d  
t o  muscle o r  u n d e r l y i n g  t i s s u e .  O c c a s io n a l l y  tumours d id  n o t  grow a t  
the  normal r a t e .  These were never used f o r  t r e a tm e n t  o r  t r a n s p l a n t .
The tumour was removed i n t a c t  and f r e e d  f rom s k in  and a c e l l  suspens ion  
p repared  as w i l l  be d e s c r ib e d  (see 2. 2. 2) .  “ In the  r e c i p i e n t  animal  a 
small  area o f  s k i n ,  where the  i n j e c t i o n  was t o  take  p l a c e ,  had been 
c l i p p e d ,  and the  tumour c e l l  suspens ion  was i n j e c t e d  su bcu taneous ly  I n t o  
the  m i d - l i n e  o f  the  back o f  the  animal  a t  the  le v e l  o f  the  abdomen. Care 
had to  be taken t h a t  the  i n j e c t i o n  was g ive n  s t e a d i l y  in o r d e r  t o  produce 
s i n g l e  tumours o f  a p p r o x im a te l y  s p h e ro id a l  shape.  The need le  t r a c k  had t o  
be s h o r t  in o r d e r  t h a t  any ve ry  smal l  s a t e l l i t e  tumours produced a lo ng  
the t r a c k  (wh ich  o c c u r re d  i f  t h e r e  was any movement d u r in g  i n o c u l a t i o n )  
would be heated a lo ng  w i t h  the  tumour (F i g u re  2 . 1 ) . An ima ls  were i n i t i a l l y  
g iven  a b r i e f  a n a e s t h e t i c ,  u s in g  an a i r / e t h e r  m i x t u r e ,  though i t  was 
found t h a t  by u s in g  two o p e r a t o r s  the  a n a e s t h e t i c  was unnecessary .
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A cco rd ing  to  H e w i t t  (1953 ) ,  p r o p e r l y  i n j e c t e d  n e o p l a s t i c  c e l l s  in 
suspension shou ld  produce a tumour a r i s i n g  f rom a s i n g l e  focus .
I t  was found t h a t  fewer deep tumours ( i . e .  tumours a t t a c h e d  to  
u n d e r l y i n g  t i s s u e  and hence n o t  usab le  f o r  e x p e r im en ts )  were 
produced i f  the need le  a p e r t u r e  was d i r e c t e d  upwards i n t o  a f o l d  o f  
s k in  he ld  e i t h e r  w i t h  cu rved  fo r c e p s  o r  f i n g e r  n a i l s  t o  form a 
' t e n t '  ( H e w i t t ,  pers .comm .) .  A f t e r  r e t r a c t i o n  o f  the  need le  the 
s k in  was g e n t l y  swabbed w i t h  a lc o h o l  to  m in im ise  the  chance o f  
s a t e l l i t e  tumours a t  the s k in  s u r f a c e  -  a p roblem in  in e xpe r ie n ced  
hands.  Dur ing  the  t im e  o f  the  i n j e c t i o n  p rocedu re  the  c e l l  
suspens io n ,  wh ich  was kep t  c o o l ,  was g e n t l y  shaken t o  p re v en t  
se d im e n ta t i o n  and c lu mp in g  o f  the  tumour c e l l s .  The whole p rocedure  
w i t h  a t r a n s p l a n t  o f  30 mice was t imed to  be comple ted  in 20 m inu tes  
to  m in im ise  v a r i a b i l i t y  in v i a b i l i t y  as t h i s  f a l l s  o f f  w i t h  t im e .
2.2.1. 3 TumouT measurement by dilution assay
E a r ly  stages in tumour g rowth  were measured i n d i r e c t l y  by means o f  a 
d i l u t i o n  assay.  To do t h i s  a tumour c e l l  suspens ion  o f  known numbers 
o f  v i a b l e  c e l l s  was p repared  and I n o c u l i  o f  v a r y i n g  numbers o f  c e l l s  
o b ta in e d  by s e r i a l  d i l u t i o n  (see 2 . 2 . 2 ) .  These were then i n j e c t e d  
i n t o  r e c i p i e n t  a n im a ls .  I t  was co n s id e re d  e s s e n t i a l  t h a t  t im e  taken 
f rom s a c r i f i c e  o f  the  donor t o  i n j e c t i o n  o f  the  r e c i p i e n t  shou ld  be 
the same as in normal t r a n s p l a n t s .  The deve lopment  o f  a tumour im p l i ed  
t h a t  a t  l e a s t  one v i a b l e  c e l l  was p re sen t  in the inocu lum.  There 
were d i f f e r e n t  d e lay  t im es  f o r  appearance o f  tumours depending on how. 
many v i a b l e  c e l l s  were p re s e n t  in any one inocu lu m ,  the  lo nge r  de lays  
o c c u r r i n g  w i t h  lower  numbers o f  v i a b l e  c e l l s .
When l e t h a l l y  i r r a d i a t e d  ( L I )  c e l l s  (see 2 . 2 . 2 )  were added to  the
F ig u re  2 .2  
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d i l u t e d  inoculum t im in g  was aga in  c a r e f u l l y  c o n t r o l l e d ,  the donor o f  
the v i a b l e  c e l l s  be ing  s a c r i f i c e d  j u s t  p r i o r  to  c o m p le t io n  o f  
i r r a d i a t i o n  o f  the LI c e l l s .  A c c o rd in g  to  s t u d i e s  by Revesz the 
a d d i t i o n  o f  LI c e l l s  i n c re ase s  the ' t a k e '  r a t e  o r  decreases the 
growth  de lay  t im e .
2.2.1.4 Direct tumour measurement
D i r e c t  tumour measurement was c a r r i e d  o u t  u s in g  a s p e c i a l l y  designed 
d ev ice  w i t h  a s e r i e s  o f  s l i t s  o f  graded s i z e s  (F ig u re s  2.2  and 2 . 3 ) .
Mice im p la n ted  w i t h  tumour c e l l s  were p a lp a te d  a t  i n t e r v a l s  o f  1-2 
days and the day o f  d e f i n i t e  appeaiance o f  a p a l p a b l e  tumour was 
n o te d .  I t  i s  p o s s i b l e  t o  d e t e c t  tumours s m a l l e r  than 1mm d iam ete r  
bu t  e s t im a te s  o f  s i z e  a re  then s u b j e c t i v e ,  though i t  was found t h a t  
a ' 1mm' (d ia m e te r )  tumour c o u ld  be measured by someone w i t h  
e x p e r ie n c e  w i t h  a good degree o f  a c c u r a c y . :
A f t e r  appearance o f  a '1mm' tumour measurements were made d a i l y .  in 
p r e l i m i n a r y  s t u d i e s  t h r e e  m u t u a l l y  p e r p e n d i c u l a r  d ia m e te rs  were 
a lways measured -  the d ia m e te rs  i n c l u d i n g  s k i n  t h i c k n e s s .  T h is  va lu e  
was p r a c t i c a l l y  the  same as the  mean o f  two s u r f a c e  d i a m e te rs ,  s in ce  
in the  s i z e  range used the  tumour was n e a r l y  s p h e r i c a l  and t h i s  
measure was used in  a l l  c o m p a ra t i v e  s t u d i e s .  'Day 1' o f  any growth 
c u rve  was a lways taken as the day b e fo r e  the  tumour measured 2mm 
d ia m e te r .
A f t e r  t r e a tm e n t  ( w i t h  e i t h e r  X - ra y s  o r  h y p e r t h e r m ia )  the f i r s t  few 
days o f  reg row th  were u s u a l l y  masked by some i n f l a m m a t i o n ,  so n o r m a l l y  
tumours c o u ld  o n l y  be reco rded  f rom about  s i z e  4mm d ia m e te r .
Measurements were h e r e a f t e r  recorded  d a i l y .  O n ly  two measurements
were made, as t a k i n g  a p e r p e n d i c u l a r  d ia m e te r  m ig h t  have d i s t u r b e d  the
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t i s s u e  round the  tumour .
2.2.2 Preparation of Celts
2.2.2,1 Cells for tumour transplant, dilution assay and pre­
immunisation
A f t e r  the  tumour was removed I t  was g e n t l y  mashed th rou g h  a f i n e  
s t a i n l e s s  s t e e l  mesh (200/ i n c h )  and washed th rou gh  w i t h  2m1 o f  s o l i d  
tumour c u l t u r e  medium (see b e lo w ) .  The c ru de  suspens ion  was 
a s p i r a t e d  g e n t l y  th rough  need les  o f  s e r i a l  s i z e s ,  th e  s m a l l e s t  be ing  
0.18mm d ia m e te r ,  l e a v in g  the  sediment  wh ich  c o n s i s t e d  o f  s t roma l  
t i s s u e .
There a re  seve ra l  methods o f  c o u n t i n g  v i a b l e  c e l l s ,  some o f  wh ich  
r e q u i r e  a f a i r l y  l e n g th y  p ro ced u re .  In the  p roced u re  used here a c e l l  
co un t  was made o f  the  tumour c e l l  suspension u s ing  a haemocytome t e r . 
The d e n s i t y  o f  m o r p h o l o g i c a l l y  i n t a c t  tumour c e l l s  was de te rm ined  by 
c o u n t in g  w i t h  a phase c o n t r a s t  m ic roscope .  The c r i t e r i a  adopted f o r  
i n t a c t  tumour c e l l s  were v e ry  s i m i l a r  t o  those  used by H e w i t t ,  Chan 
and B lake (1967) f o r  squamous carc inoma c e l l s :
smal l  round c e l l s  o f  d ia m e te r  8 - 1 2p 
“  smooth o u t l i  ne
y e l l o w i n g  t i n g e  w i t h  a d a r k e r  o u t l i n e  and su rrounded by a nar row 
h a lo  o f  l i g h t
no c l e a r  c u t  d i s t i n c t i o n  between n uc leu s  and c y top la s m .
The f i n a l  suspension c o n ta in e d  a p p r o x im a te l y  90% s i n g l e  c e l l s ,  w i t h  
o c c a s io n a l  smal l  c lumps o f  2 t o  5 c e l l s .  N o rm a l l y  the  v i a b i l i t y  was 
a p p r o x im a te l y  60%. A f i n a l  tumour c e l l  suspens ion  o f  10^ v i a b l e  c e l l s  
in 0 . 05ml was o b ta in e d  by a p p r o p r i a t e  d i l u t i o n  w i t h  the s o l i d  tumour 
medium c o n s i s t i n g  o f :
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500ml MEM + Hank's s a l t  s o l u t i o n  
50ml Horse serum 
5ml 200|iM g lu ta m in e  
3ml MEM n o n - e s s e n t i a l  amino a c id s  
1.5ml N sodium h yd ro x id e
The tec h n iq ue  Is  s im p le  and q u i c k ,  wh ich  has the  advantage t h a t  c e l l s  
do n o t  lose  v i a b i l i t y  o r  have t im e  t o  c lump.
In o r d e r  t o  c o n f i r m  t h a t  the  t e c h n iq u e  was a c c u r a te  the  v i a b i l i t y
was checked us in g  th e  s t a i n  t r y p a n  b lu e .  In t h i s  t e s t  the  c e l l  
membrane o f  v i a b l e  c e l l s  e x lude s  the  s t a i n .  I t  was found  t h a t  
a p p r o x im a te l y  60% o f  the  c e l l s  were u n s ta in e d ,  thus  c o n f i r m i n g  the  
p h a s e - c o n t r a s t  c o u n t .  C e l l s  f o r  use in the d i l u t i o n  assay e xp e r im e n ts  
were p repa red  as above,  o n l y  a p p r o p r i a t e l y  d i l u t e d .  The inoculum 
s i z e  was 0 .1 m l .  In normal t r a n s p l a n t a t i o n  an inocu lum s i z e  o f  0.05ml 
had been used. I t  was dec ided  t o  use the  l a r g e r  inocu lum to  improve 
a c c u ra c y .  The g rowth  ra te s  us in g  both  s i z e s  o f  inocu lum were t e s t e d  
and no s i g n i f i c a n t  d i f f e r e n c e  was found (see Tab le  2 . 1 ) .
Two d i f f e r e n t  assay systems can be used, e i t h e r :
[ i ]  a l l  d i l u t i o n s  a re  made f rom one donor,  o r
[ i i ]  o n l y  one d i l u t i o n  a t  a t im e  i s  p repared .
Procedure [ i ]  would seem p r e f e r a b l e  bu t  t h i s  takes  lo n g e r  and loss  o f  
v i a b i l i t y  and c lum p ing  occurs  w i t h  i n c r e a s i n g  t im e .  Thus p ro cedu re  
[ i i ]  was used and a t  l e a s t  t h r e e  assays us in g  d i f f e r e n t  m ice  were 
per fo rm ed a t  each d i l u t i o n .
As a check on the  d i l u t i o n  p rocedu re  C o u l t e r  Counte r  measurements 
were made, as a haemocytome t e r  is  no t  a c c u r a te  below c o n c e n t r a t i o n s  o f
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l x 106 c e l l s  per  ml .  C o u l t e r  Counter  measurements are  a c c u r a te  to 
1x 10^ per  m l .
T o ta l  C e l l s  Counted ( c e l l s / m l )  C o u l t e t  Counter  ( c o u n t s / u n i t  t im e) 
Haemocytometer  1.1 x 10^  28,000
By d i l u t i o n  1 x 10^ 2,500
By d i l u t i o n  1 x 1 0 ^  258
Thus t h e re  Is an agreement o f  r a t i o s .
In p r e p a r i n g  LI c e l l s  f o r  d i l u t i o n  assay and p r e - immunisât  ion 
te c h n iq u e s  tumour c e l l s  were i r r a d i a t e d  %n v%tro a t  a dose r a t e  o f  
S ' l G y  per  m inu te  w i t h  y - r a y s .  The t o t a l  dose waslQOGy. The c e l l s  were 
i r r a d i a t e d  u s in g  a bO^Q source .  C e l l s  must be i r r a d i a t e d  a t  a h ig h  
dose r a t e  o r  t h e re  Is the p o s s i b i l i t y  o f  r e p a i r  t a k i n g  p la c e  even w i t h  
a h ig h  t o t a l  dose.  The c e l l  suspension was h e ld  in  a r o t a t i n g  j i g  
and ke p t  coo l  d u r i n g  i r r a d i a t i o n  t o  m in im is e  c lu m p in g .
2. 2.2. 2 Preparation of bank of cells
A re s e rv e  o f  f r o z e n  tumour c e l l s  was a lways k e p t .  To p repa re  c e l l s  
f o r  f r e e z i n g  20% f o e t a l  c a l f  serum was added t o  the normal  s o l i d  
tumour medium then a l l  suspens ions  were p repa red  i n  the  normal way.
To the f i n a l  suspens ion  was added 10% d im e th y l  s u l p h o x id e  (DMSO) in 
s o l u t i o n .  As DMSO is  t o x i c  to c e l l s  a t  tem p e ra tu re s  above A°C i t  was 
added j u s t  p r i o r  t o  c o o l i n g .  The m i x t u r e ,  in  2m1 ampules,  was p laced  
in the c o o l i n g  chamber and c o o l i n g  was c a r r i e d  o u t  a t  a r a t e  o f  1°C 
per m in u te  down to  - 30°C, when the ampules were t r a n s f e r r e d  to  l i q u i d  
n i t r o g e n .  Recovered c e l l s  were thawed by s h ak ing  in  a 37°C w a te rb a th  
and used d i r e c t l y  f o r  i n o c u l a t i o n .  I t  is  im p o r t a n t  t o  warm the c e l l s  
r a p i d l y  o r  c e l l s  are d i s r u p t e d  by la rg e  i c e  c r y s t a l s  f o r m in g .
F ig u re  2 . 4
Photomicrographs o f  a 1mm tumour (reproduced from x40 and 
x lO O ) .  Th is  tumour is a l r e a d y  v a s c u l a r i s e d  and invading  
the o v e r l y i n g  muscle .  The tumour c e l l s  a r e  In groups 
separa ted  by septa  o f  c o n n e c t iv e  t i s s u e  w i t h  blood  
v e s s e ls .  In some o f  the l a r g e r  groups o f  tumour c e l l s  
th e re  is a l r e a d y  some e a r l y  d e g e n e ra t io n  o f  the  
c e n t r a l  c e l l s  o f  the group.  In the h e a l t h y  zone many 
o f  the c e l l s  are  in m i t o s i s .
F ig u re  2 . 5
Photomicrograph o f  a 3mm tumour (reproduced  from xlO)  
showing a l i t t l e  n e c r o s i s .  The p ann ic u lu s  muscle can 
be seen ly in g  p a r a l l e l  to  and below the e p id e r m is .
F ig u re  2 .6
Photomicrograph o f  a 6mm tumour (reproduced  from xlO 
and x250)  showing a l a r g e  n e c r o t i c  zone towards the  
deeper end o f  the tumour. The tumour has invaded  
the pan n icu lu s  muscle.  There is  a small  s a t e l l i t e  
tumour seen c lo s e  in to  the main tumour.
F ig u re  2 .7
P ho tom ic rog raph  o f  a 10mm tumour ( r ep ro duced  f rom x l D ) ,  
showing a v e ry  l a r g e  n e c r o t i c  zone.
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2.3  R e su l t s
2.2,1 Histology
An a t te m p t  was made t o  de te rm ine  the  opt imum tumour s i z e  f o r  an 
i n v e s t i g a t i o n  i n t o  the e f f e c t  o f  h ype r th e rm ia  on tumours.  A l a rg e  
p r o p o r t i o n  o f  hypox ic  c e l l s  in  the tumour was f e l t  t o  be d e s i r a b l e  
s in c e  hypox ia  i s  a common f e a t u r e  o f  many, o r  perhaps n e a r l y  a l l ,  
human tumours t r e a t e d  c l i n i c a l l y .  The p r o p o r t i o n  o f  h ypo x ic  c e l l s  
becomes r e l a t i v e l y  l a r g e r  as the tumour e n la rg e s  and t h e r e f o r e  the 
most s u i t a b l e  tumour s i z e  was f e l t  t o  be the  l a r g e s t  t h a t  was 
co m p a t ib le  w i t h  the  absence o f  any sk in  damage.
Even in the  s m a l l e s t  tumour examined th e re  was the  b e g in n in g  o f  some 
n e c r o t i c  f o c i  ( F i g u r e  2 . 4 ) .  In a 3mm tumour t h e re  was a l r e a d y  some 
n e c r o t i c  t i s s u e  ( F i g u r e  2 . 5 ) .  A t  the  s i z e  used (6 ± 1mm d ia m e te r )  
th e re  was 25* 30% n e c r o s i s  -  e s p e c i a l l y  in the  lower c e n t r e  o f  the  
tumour (F i g u re  2 . 6 ) .  The C3H tumour i s  such a f a s t  g ro w in g  tumour 
t h a t  sk in  damage occu rs  e a r l i e r  than in  one whose g row th  r a t e  i s  
s lo w e r ,  owing t o  the  r a t e  o f  a d a p ta t i o n  o f  the  s k i n .  In 10mm tumours 
the sk in  over  the  tumour was o f t e n  i n v o lv e d  ( F i g u r e  2 . 7 ) .  Thus a 
6 ± 1mm d ia m e te r  tumour was c o n s id e re d  t o  be the  o p t im a l  s i z e  f o r  a 
s tudy  i n t o  the  e f f e c t  o f  l o c a l i s e d  h y p e r th e rm ia .
The tumour appeared e n c a p s u la te d ,  though t h i s  was o n ly  a pseudo­
c a p s u le ,  be ing  formed by a r im o f  f i b r o b l a s t s  se ve ra l  c e l l s  t h i c k .
These were s l i g h t l y  f l a t t e n e d  by be ing  pushed back by the r a p i d l y  
expanding  tumour.  There was seen t o  be no app a ren t  in v a s io n  o f  the 
su r ro u n d in g  c o n n e c t i v e  t i s s u e  excep t  in the p a n n ic u lu s  carnosus muscle ,  
wh ich  in the  mouse l i e s  j u s t  below the s k i n .  Whether t h i s  is  because 
the muscle p ro v id e d  some k in d  o f  r e s i s t a n c e  t o  the  advancing  tumour 
o r  no t  i t  can be seen in F ig u re  2.1 t h a t  even in a tumour o f  1mm
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d iam ete r  the m a l i g n a n t  c e l l s  had a l r e a d y  begun to  send f i n g e r - l i k e  
processes i n t o  the muscle  t i s s u e .  The v a s c u l a t u r e  round the 
s u p e r f i c i a l  aspec t  o f  the tumour wh ich  arose f rom the w e l l  
v a s c u l a r i s e d  s k i n ,  was seen to  be v e ry  good and th e re  was no 
n e c r o t i c  t i s s u e  here .  Towards the  base,  o r  deep aspec t  o f  the 
tumour, where i t  was g row ing  in the  subcutaneous t i s s u e  th e re  was 
seen a nar row r im  o f  h e a l t h y  tumour c e l l s  i n d i c a t i n g  t h a t  though less  
w e l l  v a s c u l a r i s e d  than the  area a d ja c e n t  to  the sk in  the v a s c u l a t u r e  
here was adequa te .
2,3.2 Growth Pattern 
2. 3.2. 2 Microsc op to growth
R e su l t s  o f  the  d i l u t i o n  assay a re  shown in  Tab les  2 . 1 ,  2 .2  and 2 .3  and 
in F ig u re s  2 .8  and 2 .9 .  B e s t - f i t  l i n e s  were o b ta in e d  by the method o f  
we ig h ted  l e a s t  squares .  The r e s u l t s  g iv e  t imes o f  appearance ( l a t e n t  
p e r i o d )  f o r  a ' 1mm' tumour ve rsu s  the number o f  v i a b l e  c e l l s  im p la n ted  
w i t h  and w i t h o u t  the  a d d i t i o n  o f  LI c e l l s .  L a te n t  p e r io d s  when LI 
c e l l s  were added t o  the  inoculum were found t o  be s i g n i f i c a n t l y  
d i f f e r e n t  (P < 0 .05 )  f rom l a t e n t  p e r io d s  when no LI c e l l s  were 
added.  T h i s  was found by e s t a b l i s h i n g  d i f f e r e n c e s  f o r  the  l a t e n t  
p e r io d  a t  v a lu e s  o f  the  number o f  c e l l s  i n j e c t e d  between 10^ and 10^ 
w i t h  and w i t h o u t  LI c e l l s .  [B reeze ,  Pers Comm).
At  e a r l y  s tages in g ro w th ,  j u s t  a t  p a l p a b i l i t y ,  t h e r e  was found to  be
a p e r i o d  when the  tumour appeared to  stop  g ro w in g .  T h is  p e r io d  has 
been c a l l e d  the ' s t a t i o n a r y  phase'  and i t s  l e n g th  was found to  va ry
w i t h  inoculum s i z e ,  b u t  no s i g n i f i c a n t  d i f f e r e n c e  was found in t h i s
s t a t i o n a r y  phase when LI c e l l s  were added w i t h  the inocu lum. Grouping 
both  se ts  o f  o b s e r v a t i o n s  to g e th e r  a s t r a i g h t  l i n e  has been drawn
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t h rough  the  two se ts  o f  p o i n t s  in F ig u re  2 .9 .  I t  has been c a l c u l a t e d  
t h a t  the  ' s t a t i o n a r y  phase'  when the  tumour measured 128 c e l l s  was 
a p p ro x im a te l y  12 ± 1.7 days.
To e s t a b l i s h  an approx im a te  growth  r a te  w i t h  and w i t h o u t  LI c e l l s  one 
c o u ld  e x t r a p o l a t e  t o  1 c e l l  the  s t r a i g h t  l i n e s  in F ig u re  2 .8 .  Th is  
may no t  n e c e s s a r i l y  r e f l e c t  the  t r u e  b i o l o g i c a l  s i t u a t i o n  so i t  was 
dec ided  t o  lo ok  a t  the  l a t e n t  p e r io d  a t  128 c e l l s  (wh ich  i s  e q u i v a l e n t  
t o  7 d o u b l i n g s )  where e x t r a p o l a t i o n  o f  the  LI c e l l  l i n e  seemed 
a p p r o p r i a t e .
I t  was found t h a t  t im e  t o  grow t o  a 1mm tumour f rom 128 c e l l s  was:
w i t h o u t  LI c e l l s  27 .8  ± 1.1 days
w i t h  LI c e l l s  20 .8  ± 1.6  days
T h is  p e r io d  o f  g rowth  in c lu d e d  the  ' s t a t i o n a r y  phase'  wh ich  appeared 
t o  take  p la c e  when the  tumour was j u s t  under 1mm d ia m e te r .  A t  128 
c e l l s  t h i s  was a p p ro x im a te l y  12 ± 1.7 days.  The p e r io d s  o f  g rowth  
f rom 128 c e l l s  t o  10^ c e l l s  i s  e q u i v a l e n t  t o  13 d o u b l i n g s  and,  
a c c o r d in g  t o  e s t im a te s  by H e w i t t  (1976 ) ,  t h i s  i s  the  number o f  c e l l s  
in  a '1mm' tumour ( c f  S tee l  (1977) who e s t im a te d  t h a t  a '1mm' tumour 
E 7x 105 c e l l s ) .
From t h i s  i n f o r m a t i o n  the  d o u b l i n g  t im e  w i t h o u t  LI c e l l s  was j u s t  
o v e r  one day and w i t h  LI c e l l s  was j u s t  under one day.
2.3.2. 2 Maorosoopia qrowth
Above a tumour s i z e  o f  '1mm' (d ia m e te r )  the  tumour was measured us ing  
the d ev ice  d e s c r ib e d  in 2. 2. 1. I t  took  6.8 ± 1.0 days (mean o f  over  
100 measurements) f o r  10^ v i a b l e  tumour c e l l s  i n j e c t e d  as d e s c r ib e d ,
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t o  produce a '1mm' tumour.  The d ia m e te r  then inc reased  by 
a p p r o x im a t e l y  1mm per  day wh ich  re p re s e n ts  d e c e l e r a t i n g  g ro w th .  The
f a c t  t h a t  the  tumour became e s t a b l i s h e d  and grew a t  a p re d e te rm in e d  
ra t e  eve ry  t ime gave more c o n f id e n c e  t o  g rowth  d e la y  measurements.
The mean d ia m e te r  ( o f  22 tumours)  ve rsus  t ime is  shown in  F ig u re  2 .1 0 .  
A l l  b e s t - f i t  l i n e s  have been found by the  method o f  l e a s t  squares .
The measure used in c lu d e d  s k in  t h i c k n e s s .  Growth c u rv e s  were measured 
and r e g u l a r l y  compared o v e r  the  p e r i o d  o f  s tud y  and no s i g n i f i c a n t  
change in g rowth  r a t e  was found  o v e r  t h i s  p e r i o d  (P < 0. 01) .
2 .4  Pi scuss i  on
2.4.1 Evaluation of the Tumour Sy.stem
In t h i s  c h a p te r  the  g rowth  k i n e t i c s  o f  the  tumour has been i n v e s t i g a t e d .  
I t  was necessary  t o  ensure t h a t  the  tumour system was a v a l i d  model o f  
human c a n c e r ,  and t h a t  i t  wou ld  be s u i t a b l e  f o r  a s tud y  o f  tumour 
g ro w th .  Only thus c o u ld  m ea n ing fu l  compar isons be made between
normal  g ro w th ,  and
reg ro w th  a f t e r  d i f f e r e n t  degrees and types  o f  t r e a t m e n t .
R e s u l t s  c o u ld  then  be used t o  he lp  in u nd e rs ta n d in g  the  complex 
mechanisms o f  re g row th  a f t e r  h y p e r th e r m ia .  V a r io u s  a spe c ts  o f  the  
tumour system w i l l  now be d is c u s s e d .
2.4.1.1 As a model for human cancer
Perhaps the  most  c o n t r o v e r s i a l  c o n d i t i o n  o f  a t r a n s p l a n t e d  animal  
tumour system in  re s p e c t  t o  i t s  re le van ce  t o  spontaneous cancer in  man 
concerns  the  presence o r  absence o f  some degree o f  immuno log ica l  
r e a c t i v i t y  o f  the  h os t  t o  the  tumour.  For an animal  tumour system to
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be an a c c e p ta b le  model o f  a p a r t i c u l a r  form o f  human m a l ignancy  
regard  has t o  be pa id  no t  o n l y  t o  h i s t o l o g i c a l  t y p e ,  b u t  a l s o  to  
avo idance  o f  immunological  f e a t u r e s  c l e a r l y  a t t r i b u t a b l e  t o  
l a b o r a t o r y  a r t e f a c t s  a s s o c ia te d  w i t h  t h e i r  i n d u c t i o n  o r  c o n d i t i o n s  
o f  t r a n s p l a n t a t i o n .  Tumours produced by p ow er fu l  c a rc in o g e n s  can 
e x h i b i t  a le v e l  o f  immuni ty  r a r e l y  d i s p la y e d  by tumours o f  spontaneous 
o r i g i n  ( K l e i n ,  1970).  No chemica l  c a rc in o g e n  was In v o lv e d  in  the  
p r o d u c t i o n  o f  t h i s  tumour .  Tumours o f  unknown o r i g i n  o r  those 
t r a n s p l a n t e d  o u t - w i t h  the  in b re d  s t r a i n  in  wh ich  they  a rose  a re  bes t  
avo ided  i f  t h e r e  i s  any danger o f  r e j e c t i o n .  There was no e v idence  
o f  r e j e c t i o n  response a g a i n s t  t h i s  tumour wh ich  suggested t h a t  t h e re  
was no a r t i f a c t u a l  immune response towards  the  tumour by the  h o s t .
The tumour a rose  as a spontaneous mammary adenocarc inoma in a C3H mouse 
f rom the  Gray L a b o r a to r y .  The spontaneous tumour o c c u rs  in  the  m i l k  
l i n e  o f  ove r  30% r e t i r e d  b re e d e rs .  I t  was known t o  be o f  v i r a l  o r i g i n  
( the  B i t t n e r  f a c t o r )  wh ich  i s  t r a n s f e r r e d  t o  th e  young in the m o th e r ' s  
m i l k .  The tumour has been s e r i a l l y  t r a n s p l a n t e d  e ve ry  2-3 weeks i n t o  
the  dorsum o f  r e c i p i e n t  a n i m a l s ,  d e t a i l s  o f  wh ich  p rocedu re  have been 
d e s c r ib e d .  Care sh o u ld  be taken when u s in g  s e r i a l l y  t r a n s p l a n t e d  
tumours t h a t  these  a re  n o t  t r a n s p l a n t e d  o u t w i t h  the  s u b - s t r a i n  in wh ich  
the  o r i g i n a l  tumour a r o s e ,  and in th e  p re s en t  s tud y  the  tumour has 
o n l y  been t r a n s p l a n t e d  t o  i s o lo g o u s  h os ts  (CgH/He) thus  a v o i d i n g  the  
p o s s i b i l i t y  o f  d i f f e r e n t i a l  Immunogenïcity c o m p l i c a t i n g  the  
i n t e r p r e t a t i o n  o f  r e s u l t s .
No spontaneous tumour r e g r e s s io n  has o c c u r re d  d u r i n g  t h i s  s tu d y .  
Spontaneous r e g re s s io n  sugges ts  some h o s t / t u m o u r  Immune r e a c t i o n .  For 
example the  r e s u l t s  o f  C r i l e  (19&5) have been used as a base f o r
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c l i n i c a l  t r e a tm e n t  y e t  one o f  the tumours in t h i s  s tudy  reg resses  
spon tane ou s ly  in  40% o f  cases ( H e w i t t ,  1976).  T h i s  i s  n o t  a common 
even t  in  human cance r  so such tumours a re  bes t  avo id e d .
From h i s t o l o g i c a l  e xa m in a t io n  o f  smal l  tumours (see F ig u re s  2 .4  -
2 .6 )  no s i g n i f i c a n t  c e l l u l a r  r e a c t i o n  was no ted .  Nor was t h i s  found 
round m étas tasés  and t h i s  suggested  a low, i f  any ,  immunogenic 
response .  A f u r t h e r  c o n f i r m a t i o n  o f  t h i s  came f rom the  f a c t  t h a t  
the number o f  c e l l s  r e q u i r e d  f o r  t r a n s p l a n t a t i o n  ( t o  im m u n o lo g i c a l l y  
a v a i l a b l e  s i t e s )  was s m a l l .  A take  r a t e  o f  29% was found w i t h  5 
v i a b l e  c e l l s  (see Tab le  2 . 1 ) .
One ve ry  s e n s i t i v e  t e s t  o f  immunogenic i t y  was advoca ted  by H e w i t t  
(1976) .  In t h i s  an im a ls  were 'p re - im m u n is e d '  w i t h  LI c e l l s .  Then 
the  TD50 ( t h e  number o f  v i a b l e  c e l l s  wh ich  must be i n j e c t e d  t o  g iv e  
p r o g r e s s i v e l y  g ro w in g  tumours in 50% o f  the  i n j e c t e d  s i t e s )  was t e s t e d  
f o r  in  p a i r e d  e x p e r im e n ts .  A c c o r d in g  t o  H e w i t t  the  TD50 shou ld  n o t  be 
found t o  be h ig h e r  in  ' im m un ised '  mice than in th e  u n t r e a t e d  mice .
A s i m i l a r  t e s t  was c a r r i e d  o u t  in t h i s  s tu d y .  In t h i s  case 10^ tumour 
c e l l s  ( t h e  number used in normal t r a n s p l a n t s )  were i n j e c t e d  i n t o  the  
normal s i t e  on the  dorsum o f  ' im mun ised '  mice and th e  l a t e n t  p e r io d  
o f  7.2 ± 0 .9  (mean o f  20 immunised mice)  days was found  f rom 
t r a n s p l a n t a t i o n  t o  d e t e c t i o n .  T h i s  agreed w e l l  w i t h  6 . 8  ± 1.0 days 
a f t e r  normal t r a n s p l a n t a t i o n  p rocedures  su g g e s t i n g  t h a t  the  immune 
response,  i f  any ,  was low.
T h is  r e s u l t  is  in a pp a re n t  c o n f l i c t  w i t h  the  s i t u a t i o n  where LI c e l l s  
were added a lo ng  w i t h  the  tumour c e l l s  in  subcu taneous I n j e c t i o n s  when 
the  LI c e l l s  appeared t o  a l t e r  the  growth r a t e  o f  the  tumour .  In t h i s  
s i t u a t i o n ,  however,  the mechanism o f  the  LI c e l l s  was more o f  a
^  Mice were immunised, with LI cells - one injection per week for three 
weeks
44.
p h y s i c a l  one -  the  LI c e l l s  a c t i n g  more l i k e  a mesh h o l d i n g  the 
v i a b l e  c e l l s  in p o s i t i o n  (see 2 . 4 . 3 ) .
(s& o  z , z. 2.)
As a check on the  te c h n iq u e  f o r  s t e r i l i s i n g  c e l l s  by l e t h a l  i r r a d i a t i o n ^ ^  
the LI c e l l s  were i n j e c t e d  as f o r  a normal t r a n s p l a n t  and the  mice 
observed f o r  100 days t h e r e a f t e r .  No tumours a rose  f rom these c e l l s  
thus c o n f i r m in g  t h a t  the  r o l e  o f  LI c e l l s  was n o t  as m a l ig n a n t  c e l l s .
Thus f rom h i s t o l o g i c a l  e v id e n c e ,  f rom the  f a c t  t h a t  no r e j e c t i o n  o r  
spontaneous r e g re s s io n  had been found  and t h a t  the  number o f  c e l l s  
r e q u i r e d  t o  t r a n s p l a n t  the  tumour was s m a l l ,  t o g e t h e r  w i t h  the  f a c t  
t h a t  p r e - immunisât ion made no s i g n i f i c a n t  d i f f e r e n c e  in  the  growth  
r a t e  o f  the  tumour ,  i t  can be seen t h a t  i f  t h e re  was any immunological  
a r t i f a c t  i t  was i n s i g n i f i c a n t  as f a r  as t h i s  s tudy  was concerned.
From the  human s t a n d p o in t  the  tumour can be c o n s id e re d  an a p p r o p r i a t e  
model because the  1 day d o u b l i n g  t im e  (see 2. 3. 2) in  mice w i t h  a 
2- y e a r  l i f e  span can be equated  t o  the  40 day d o u b l i n g  t im e  o f  a 
t y p i c a l  mammary tumour in women w i t h  a 7 0 -yea r  l i f e  expec tan cy .  As 
f a r  as the  r e l a t i v e  k i n e t i c  paramete rs  are  co nce rned ,  the  v a lu es  o f  
t h i s  C3H tumour f o r  Growth F r a c t i o n  and C e l l  Loss F a c to r  a re  a l s o  
s i m i l a r  t o  those in human ca rc in om a s ,  a t  30% and 70% r e s p e c t i v e l y  (N ias ,  
Chamber la in  and Abde la a l  , 1980) .  Fu r the rm ore  the  syngene ic  t r a n s p l a n t s  
o f  the  C3H tumour have v e s s e l s  c o n f i n e d  t o  the  i n t e r n o d u l a r  t i s s u e s  
(McCredie,  Inch and S u th e r la n d ,  1971) and s im u la t e  c l o s e l y  the 
c o n d i t i o n s  d e s c r ib e d  by Thoml inson and Gray (1955) in some human 
c a rc I  nomas.
2.4.1.2 As a model for this 'study
The f a c t  t h a t  the  r a d i a t i o n  response and growth  r a t e  were found no t  t o
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be s e x - l i n k e d  was an o bv iou s  p r a c t i c a l  advan tage ,  as was the  f a s t  
g rowth  r a t e .  The tumour i s  ve ry  r a d i o - r e s i s t a n t ,  hav ing  a h igh  
degree o f  n e c r o s i s  (see Table  2 . 4 ) .  The TCO50 (dose wh ich  cures  
50% o f  tumours)  is  h ig h ,  be ing 6 .5Gy,  when an im a ls  were t r e a t e d  w i t h o u t  
a n a e s t h e t i c  (A b d e la a l ,  1979).  I n d i r e c t  ev id ence  f rom TCD50 and f rom 
g rowth  de lay  d a ta ,  and the  e f f i c i e n c y  o f  m i s o n id a z o le  in re duc ing  the 
TCD50 v a lu e  t o  3. 1Gy sugges ts  t h a t  the  f r a c t i o n  o f  c lo n o g e n ic  hypox ic  
tumour c e l l s  may be as h ig h  as 30% a t  6mm d ia m e te r  (Abde laa l  and N ia s ,  
1975) .  H i s t o l o g i c a l  e x am ina t io n  showed the  p r o p o r t i o n  o f  n e c r o t i c  
t i s s u e  t o  be about  25"30% a t  the  same s i z e  (see 2 . 3 . 1 ) .  Spontaneous, 
e a r l y  and m u l t i - g e n e r a t i o n  tumours have been compared in  Tab le  2 .4 .  
Spontaneous tumours can be used b u t  these  have the  d isadvan ta ge  t h a t  
one canno t  p la n  the  s i t i n g  o f  tumours o r  the  t im in g  o f  e xpe r im en ts  - 
a l s o  the  g rowth  r a t e  Is  ve ry  s low.  F i r s t  o r  second g e n e r a t i o n  tumours 
a re  f r e q u e n t l y  used and these  have c e r t a i n  advantages because they 
a re  c l o s e r  t o  a spontaneous tumour ,  y e t  can be used in  more e a s i l y  
p lanned e xp e r im e n ts .  A f a s t  g rowth  ra te  has p r a c t i c a l  advantages and 
t h i s  i s  n o r m a l l y  found t o  some e x t e n t  in these and in m u l t i - g e n e r a t i o n  
tumours ,  however the  m u l t i - g e n e r a t i o n  tumour be ing  le ss  w e l l  
d i f f e r e n t i a t e d  and hav ing  more n e c r o s i s  than e a r l y  g e n e r a t i o n  tumours ,  
is  a b e t t e r  model f o r  many types  o f  human ca n ce r .
For an i n v e s t i g a t i o n  i n t o  the  e f f e c t  o f  h y p e r th e rm ia  on the  reg rowth  
p o t e n t i a l  o f  m a l ig n a n t  c e l l s  the  tumour used had t o  f u l f i l  c e r t a i n  
c r i t e r i a ,  the  most im p o r ta n t  o f  wh ich  was t h a t  i t  shou ld  show s t a b l e  
growth  k i n e t i c s ,  s in c e  t im e  t o  regrow t o  a p re de te rm in e d  s i z e  a f t e r  
t re a tm e n t  (g row th  de lay  t im e) was being  used as an assay o f  c e l l  
damage.
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With t h i s  tumour system th e r e  was a lways a good supply o f  r e a d i l y  
b reed in g  a n im a ls ,  wh ich  ' t o o k '  a t r a n s p la n te d  tumour o f  known 
c h a r a c t e r i s t i c s ,  e ve ry  t im e .  I d e n t i c a l  tumours were p ro v id e d  by 
the la c k  o f  s e l e c t i o n  in the  t r a n s p l a n t a t i o n  techn iq ue  and by hav ing 
a bank o f  f ro z e n  c e l l s  a v a i l a b l e .  By t h i s  means tumours c o u ld  a lways 
be used t h a t  were a t  a p p r o x im a te l y  the  same stage in t r a n s p l a n t a t i o n ,  
in expe r im en ts  wh ich  extended over  a long p e r io d  o f  t im e .
Thus in a l l  respec ts  t h i s  tumour has been found t o  be s u i t a b l e  f o r  
use f o r  t e s t i n g  the  e f f e c t  o f  h y p e r th e r m ia ,  bo th  l o c a l l y  and 
s y s t e m i c a l l y  (see Chapter  5)*
2,4,2 Transplantation Technique -  Advantages of the Method Used 
in This Study
Tumours can be t r a n s p la n te d  us ing  t h r e e  main methods. In one the  
tumour is  f i n e l y  d i v i d e d  and im p lan ted  in r e c i p i e n t  an im a ls  us ing  a 
t r o c a r .  The d isadvan ta ge  o f  t h i s  method is t h a t  s e l e c t i o n  may take  
p la ce .
One o t h e r  t echn ique  wh ich  i s  r e g u l a r l y  used and wh ich  i s  ve ry  c o n v e n ie n t  
I f  one is  w o rk in g  w i t h  a tough f i b r o u s  tumour is  one wh ic h  makes use o f  
a d i s a g g r e g a t i n g  a g e n t ,  such as t r y p s i n .  Th is  can damage c e l l s  
un less  ca re  is  taken .  In s t u d i e s  n o t  r e p o r te d  in t h i s  t h e s i s ,  where 
a t te m p ts  were be ing  made t o  f i n d  I f  t h e re  was any c o r r e l a t i o n  between 
p l a t i n g - e f f I c i e n c y  and tumour take  r a t e ,  t r y p s i n  was used to  
d i s a g g re g a te  the tumour.  I t  was found t h a t  the  p l a t i n g  e f f i c i e n c y  and 
take r a te  were lower when t r y p s i n  was used than when u s in g  the  s im p le  
mechanical  d i s p e r s a l  tech n iq ue  used in t h i s  s t u d y .  H e w i t t  (pe rs .com m .)  
however,  per fo rmed an assay t o  f i n d  i f  t h e r e  was a d e t r i m e n t a l  e f f e c t  
a s s o c ia te d  w i t h  the  use o f  t r y p s i n  on v i a b l e  c e l l s  in vitro and found
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a TD50 ( t h e  number o f  c e l l s  r e q u i r e d  to  produce tumours in  50% mice -
i n n o c u la te d  w i t h  tumour c e l l s )  o f  CBA Sarcoma F c e l l s ,  produced by
m inc ing  o n l y ,  t o  be 85, w h i l e  the  T D ^ g ^ c e l l s  re lease d  by t r y p s i n  was
a l s o  85, showing t h a t  in  an assay ,  where the  tumour may have been
th a t
r a t h e r  toughe r  thanAjused in  the  p r e s e n t  s t u d y ,  r e s u l t s  o f  m in c in g  and 
t r y p s i n  d i s a g g r e g a t i o n  were e q u a l l y  good. The p r e s e n t  tumour was 
v e ry  e a s i l y  d i s a g g r e g a te d  r e q u i r i n g  o n l y  t o  be pushed th rough  a s ie v e  
w i t h  a rubber  p lu n g e r  and then mixed by a s p i r a t i n g  as has been 
d e s c r ib e d .  Thus,  the  method used,  w h i l e  o n l y  s u i t a b l e  f o r  a s o f t  
tumour ,  gave r e p r o d u c i b l e  r e s u l t s  and s in c e  the  whole  tumour was 
used t h e re  was, as f a r  as p o s s i b l e ,  no s e l e c t i o n .  A l t h o u g h  t h i s  canno t  
be c o m p le te l y  a v o id e d ,  as some c e l l s  may w i t h s t a n d  t r a n s p l a n t a t i o n  
b e t t e r  than o t h e r s ,  t h i s  was m in im is e d  by the  f a c t  t h a t  the  method i s  
q u i c k ,  so t h e r e  is  l i t t l e  s e l e c t i v e  c e l l  lo ss  because o f  the  t ime 
f a c t o r .
Tumours o f  6 ± 1mm d ia m e te r  -  the  s i z e  used r o u t i n e l y  f o r  t r a n s p l a n t s  -  
c o n ta in e d  25- 30% n e c r o t i c  t i s s u e  (see 2. 3. 1) and the  f r a c t i o n  o f  
c lo n o g e n ic  h y p o x ic  c e l l s  was a p p r o x im a t e l y  30% (Nias e t  al-,  1980).  Thus the  
60% v i a b i l i t y  o b ta in e d  in  c e l l  suspens ions  by the  p r e s e n t  method shows 
t h a t  the  te c h n iq u e  i s  a good one f o r  the  t ype  o f  tumour used in  the  
p re s e n t  s tud y .
2.4.3 Tumour Growth
2.4. 3.1 Microscopic
The g rowth  c h a r a c t e r i s t i c s  o f  tumours d u r i n g  the  l a t e n t  p e r i o d ,  i . e .  
below p a l p a b i l i t y ,  when tumour c e l l s  are  t h o u gh t  t o  be p r e s e n t  and 
m u l t i p l y i n g ,  a re  o f  c o n s i d e r a b l e  i n t e r e s t  and im po r ta nce .  Métas tasés  
a re  o f t e n  p re s e n t  as v e ry  smal l  tumours when the p r im a ry  p re s e n ts
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i t s e l f .  Whether tumours grow e x p o n e n t i a l l y  or no t  is  no t  merely o f  
t h e o r e t i c a l  i n t e r e s t .  I t  is  c l i n i c a l l y  r e l e v a n t  s in c e  severa l  a u th o r s ,  
i n c l u d i n g  Norton  and Simon (1977 ) ,  have made recommendat ions on t rea tm en t  
schedu les based on p a r t i c u l a r  growth  p a t t e r n s .  I t  is  p o s s i b l e  to use 
i n f o r m a t i o n  about  g rowth  o b ta in e d  f rom d i l u t i o n  s t u d ie s  to g e th e r  w i t h  
in f o r m a t i o n  about  g rowth  de lay  t imes a f t e r  d i f f e r e n t  t re a tm e n ts  to 
p o s t u l a t e  mechanisms o f  reg rowth  a f t e r  t re a tm en t  (Wheldon,  I 98O). A f t e r  
x - r a y  t r e a t m e n t ,  f o r  example,  reg rowth  is  s lower than expec ted ,  wh ich  
g ives  i n f o r m a t i o n  about  the n a tu re  o f  r a d i a t i o n  damage. The s low regrowth  
is  known to  be r e l a t e d  to  damage to  the v a s c u l a t u r e  and to the f a c t  t h a t  
im m ed ia te ly  a f t e r  t r e a tm e n t  the remain ing  c e l l s  w i l l  p ro b a b ly  be hypox ic .  
The t ime f o r  r e - o x y g e n a t i o n  is ve ry  v a r i a b l e  and is  ( i n  p a r t )  r e l a t e d  
to  the degree o f  damage.
2.4.3.1.1 Dilution assay technique
The d i l u t i o n  assay techn iq ue  was f i r s t  a p p l i e d  by H e w i t t  and Wi lson in 
1959 to  l ym p h o c y t i c  leukaemia in mice .  They found t h a t  by i n j e c t i n g  
d i l u t e d  known numbers o f  m a l ig n a n t  c e l l s  i n t o  the p e r i t o n e a l  c a v i t y  
o f  r e c i p i e n t  m ice ,  a p r o p o r t i o n  o f  the mice subsequen t l y  d ie d ;  the 
le n g th  o f  t ime o f  s u r v i v a l  being a measure o f  the number o f  tumour 
c e l l s .  On average ,  leukaemia was found to  be t r a n s m i t t e d  to  50% o f  
the an imals  by i n j e c t i o n  o f  o n l y  2 leukaemic c e l l s .  Th is  procedure  is 
use fu l  as a method o f  d e te rm in in g  the number o f  v i a b l e  c e l l s  rema in ing  
in a tumour a f t e r  d i f f e r e n t  t r e a tm e n ts .
The i n v e s t i g a t i o n  o f  tumour g rowth  a t  a m ic ro s c o p ic  stage by use o f  a 
d i l u t i o n  assay a l s o  g ive s  i n f o r m a t i o n  about  the ra te  o f  g rowth  o f  
u n t r e a te d  c e l l s  d u r in g  the l a t e n t  p e r io d  - s u b je c t  however to  c e r t a i n  
assumpt ions (a) t h a t  the s i t e  o f  i n j e c t i o n  pu ts  no l i m i t a t i o n  on g row th ,
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(b) t h a t  one is  d e a l i n g  w i t h  a s i n g l e  p o p u la t i o n  o f  c lo n o g e n ic  
c e l l s  a l l  g rowing a t  a p p r o x im a te l y  the  same r a t e ,  and (c)  t h a t  the  
p r o p o r t i o n  o f  tumour c e l l s  in  a p a l p a b le  tumour i s  independent  o f  
inoculum s i z e .  I f  t he  c e l l s  a re  a l l  g ro w in g  a t  a p p r o x im a te l y  the  
same r a t e  then t h e i r  g rowth  f rom  a s i n g l e  c e l l  can be a pp rox im a te d .
2.4.3.1.2 Mechanism of action of LI cells
I f  a s u f f i c i e n t  number o f  v i a b l e  tumour c e l l s  i s  t r a n s p l a n t e d  i n t o  an 
a p p r o p r i a t e  r e c i p i e n t  animal  a tumour w i l l  d ev e lo p .  Revesz (1955) 
showed however t h a t  i f  an inocu lum o f  tumour c e l l s  i s  accompanied by 
LI c e l l s  o f  the  same tumour the  r e s u l t i n g  tumour deve lo ps  and reaches 
a l e t h a l  s i z e  e a r l i e r  than in the  absence o f  these  c e l l s ,  as has been 
found in t h i s  s tu d y .
For t h i s  ' Revesz e f f e c t '  t o  o c c u r  t h e r e  must  be l o c a l  a s s o c i a t i o n  
between the  v i a b l e  and the  LI c e l l s .  H e w i t t ,  B lake  and P o r t e r  (1973) 
found an i n te n s e  f i b r o b l a s t i c  r e a c t i o n  a s s o c i a t e d  w i t h  the  LI c e l l s  
whe the r  these  and the  v i a b l e  c e l l s  were i n j e c t e d ,  mixed o r  
s e p a r a t e l y .  T h is  sugges ts  t h a t  the  e f f e c t  o f  the  LI c e l l s  i s  no t  
e x e r te d  by m o d i f i c a t i o n  o f  the  h o s t ' s  c e l l u l a r  r e a c t i o n  t o  the 
i noculum.
LI c e l l s  do n o t  n e c e s s a r i l y  d i e  soon a f t e r  i r r a d i a t i o n ;  they may 
s u r v i v e  f o r  c e r t a i n  p e r i o d s  o f  t im e .  T h e i r  f i n a l  d i s i n t e g r a t i o n  
u s u a l l y  ensues in c o n n e c t i o n  w i t h  more o r  le ss  u nsu cce ss fu l  a t te m p ts  
t o  d i v i d e .  Be fo re  t h i s  happens they  may c o n c e i v a b l y  s t i m u l a t e  a smal l  
v i a b l e  c e l l  f r a c t i o n  randomly in t e r m ix e d  w i t h i n  them by p r o v i d i n g  
v a r i o u s  usab le  m e ta b o l i c  p r o d u c t s ,  c e l l  o r g a n e l l e s  o r  s p e c i f i c  g rowth  
hormones. H e w i t t  e t  a i  have made the su g g e s t ion  t h a t  LI c e l l s  do n o t
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p la y  the  r o l e  o f  ' f e e d e r '  c e l l s  because i t  has been shown t h a t  
s o n i c a t i o n  d e s t ro y s  t h e i r  c a p a c i t y  t o  e x e r t  t h i s  'Revesz e f f e c t ' .
One i m p l i c a t i o n  o f  t h i s  i s  t h a t  the  e f f e c t  must be e x e r te d  by 
s t r u c t u r a l  e lements  c o n s i d e r a b l y  l a r g e r  than those  n o r m a l l y  
p r o v i d i n g  f o r  the  c e l l s  n u t r i t i o n .
The i n i t i a l  inflammcutory r e a c t i o n  i s  co ns id e re d  by P e te rs  and H e w i t t  
(1974) t o  be provoked by the  f a c t  t h a t  LI c e l l s  re le a s e  t h r o m b o p la s t i n .  
T h is  (by the  t i s s u e  f i b r i n  i t  encourages) tends t o  r e t a i n  c e l l s  in a 
s i t e  t o  wh ic h  they  a re  t r a n s p l a n t e d ,  o r  t o  enab le  the  g rowth  o f  v i a b l e  
c e l l s  l e f t  in situ. A l a r g e  p r o p o r t i o n  o f  v i a b l e  c e l l s  i n j e c t e d  
a lo ne  e i t h e r  d i e  on s i t e  o r  a f t e r  t h e i r  e m ig r a t i o n  f rom the  s i t e ;  the  
a d d i t i o n  o f  LI c e l l s  (and o f  some o t h e r  a d d i t i o n s )  t o  the  in o cu la  
ensures a s u s ta in e d  t h r o m b o p l a s t i c  i n f l u e n c e  a t  the s i t e .  About  5 
days a f t e r  i n j e c t i o n  o f  LI c e l l s  Revesz no ted  t h a t  the  r e a c t i o n  
changed t o  a f i b r o b l a s t i c  p r o l i f e r a t i o n ,  w i t h  s ig ns  o f  i n c i p i e n t  
v a s c u l a r i s a t i o n .  LI c e l l s  f rom  d i f f e r e n t  tumours have a s i m i l a r  
e f f e c t  t o  those  f rom the  h o s t  tumour and when v i a b l e  c e l l s  were 
i n j e c t e d  mixed w i t h  t h r o m b o p l a s t i c  m a t e r i a l s  such as b r a i n  e x t r a c t  
the same e f f e c t  o c c u r s .  O'Meara (1958) su p p o r ts  the  v iew  o f  H e w i t t  
e t  al  t h a t  LI c e l l s  r e le a s e  t h r o m b o p l a s t i c  m a t e r i a l  wh ich  forms a 
f i b r i n  l a t t i c e  thus  h o l d i n g  the  v i a b l e  c e l l s  in p o s i t i o n .  The 
f i b r i n  l a t t i c e  may a l s o  p r o v id e  the  c o n d i t i o n s  r e q u i r e d  f o r  the 
lodgement o f  mé tas tasés  (see 5. 1. 1) .
2.4. 2.1. 3 Reason for use of LI cetts
I f  tumour c e l l s  a re  k i l l e d  by heat  the  p o s t - h e a te d  tumour may be a 
m ix t u r e  o f  s t i l l - v i a b l e  and h e a t - k i l l e d  c e l l s .  Any a n a l y s i s  o f  g row th  
m o d i f i c a t i o n  by heat  t r e a tm e n t  must c o n s id e r  the  p o s s i b i l i t y  t h a t  the
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h e a t - k i l l e d  c e l l s  w i l l  have some i n f l u e n c e  on the  grow.th o f  the 
s u r v i v i n g  v i a b l e  c e l l s .  I n f o r m a t i o n  about  the  i n f l u e n c e  o f  h e a t -  
k i l l e d  c e l l s  on a s s o c ia te d  v i a b l e  c e l l s  i s  d i f f i c u l t  t o  o b t a in  
because o f  a t e c h n i c a l  p rob lem,  wh ich  i s  t h a t  h e a t ,  in  the  
tem p e ra tu re  range conce rned ,  does n o t  a lways produce 100% k i l l  (as 
does a h ig h  dose o f  r a d i a t i o n ) ;  thus  a pure p o p u l a t i o n  o f  h e a t - k i l l e d  
c e l l s  may n o t  be o b t a i n a b l e  u n le ss  u n r e a l i s t i c  tem pe ra tu res  are  used. 
Revesz (1955) i n v e s t i g a t e d  the  e f f e c t  o f  h e a t - k i l l e d  c e l l s  and found 
them n o t  t o  e x h i b i t  a s i m i l a r  f u n c t i o n  t o  LI c e l l s  -  however he n e a r l y  
b o i l e d  the  c e l l s  and must have d e s t ro y e d  t h e i r  a b i l i t y  t o  c o n t i n u e  to  
m e ta b o l i s e  even f o r  a s h o r t  p e r i o d ,  as a f t e r  l e t h a l  i r r a d i a t i o n .
P e te rs  and H e w i t t  (1974) showed t h a t  t h r o m b o p la s t i n  was re le ase d  by 
dead c e l l s  wh ich  had d ie d  sp on tan e ou s ly  in tumours .  There is  
t h e r e f o r e  no reason t o  b e l i e v e  t h a t  h e a t - k i l l e d  c e l l s  would  n o t  a l s o  
r e le a s e  t h r o m b o p l a s t i n ,  capab le  o f  i n f l u e n c i n g  the  g ro w th  o f  
a s s o c ia te d  v i a b l e  c e l l s .  Thus a c o n s i d e r a t i o n  o f  the  i n f l u e n c e  o f  
LI c e l l s  on v i a b l e  c e l l s  may v e ry  w e l l  shed some l i g h t  on the  e f f e c t  
o f  hea t  on tumours .  Thus t o  compensate f o r  l a c k  o f  knowledge about  
the  p o s s i b l e  method o f  p ro d u c in g  100% h e a t - k i l l e d  m e t a b o l i s i n g  c e l l s  
I t  seemed n o t  unreasonab le  t o  use a v a i l a b l e  i n f o r m a t i o n ,  and t o  seek 
f u r t h e r  d a ta ,  c o n c e rn in g  the  i n f l u e n c e  o f  LI c e l l s  in the  f a t e  o f  
v i a b l e  ce l  I s .
2,4.3.1.4 Stationary phase
In g e n e r a l ,  a f t e r  i n o c u l a t i o n  o f  tumour c e l l s  i n t o  a s u i t a b l e  s i t e ,  
the c e l l s  beg in t o  d i v i d e  and fo rm i n t o  s p h e ro id  o r  e l î p s o i d  a gg re g a te s ,  
the s i z e  o f  wh ich  is  l i m i t e d  by a b s o r p t i o n  o f  oxygen and n u t r i e n t s ,  and 
by the  d is p o s a l  o f  w a s tes ,  wh ich  are  exchanged by d i f f u s i o n  w h i l e  the
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tumour i s  v e ry  s m a l l .  There i s  thus a de lay  a t  t h i s  s tage u n t i l  new 
growth  i s  promoted by s t i m u l a t i o n  o f  new c a p i l l a r i e s  wh ich  a r i s e  
f rom the  p r e - e x i s t i n g  v a s c u l a r  system o f  the  h o s t .  The s t im u lu s  f o r  
t h i s  a r i s e s  f rom what  has been c a l l e d  the  tumour a ng io g e n e s is  f a c t o r  
(Fo lkman , 1974).
C a p i l l a r y  p r o l i f e r a t i o n  f rom the  v a s c u l a r  system o f  the  hos t  can begin 
w h i l e  the  tumour co lo ny  is  s t i l l  ve ry  s m a l l .  Wood, Baker and 
Marzocch i  ( 1967) observed the  f o r m a t i o n  o f  new c a p i l l a r y  s p ro u t s  as 
e a r l y  as 18 hours a f t e r  lodgement o f  a co lony  o f  tumour c e l l s  in 
r a b b i t  t i s s u e s .
H e w i t t  (1953) has g ive n  a most c o n v i n c in g  e x p l a n a t i o n  o f  why tumours 
r e s u l t i n g  f rom i n o c u la t e d  c e l l  suspensions  a r i s e  f rom a s i n g l e  f o c u s ,  
much s m a l l e r  than the  i n f i l t r a t i o n  area produced.  He found t h a t  
I n o c u l a t i o n  b r i n g s  t o g e t h e r  c e l l s  wh ich  have been d is p e rs e d  in the 
o r i g i n a l  suspens ion .  i t  has been fou nd ,  however,  by H e w i t t ,  t h a t  
i n j e c t i o n  o f  more d i l u t e  suspens ions  o f  c e l l s  do n o t  g i v e  r i s e  t o  a 
compact  mass. T h is  c o u ld  be expected  s in c e  the  c e l l s  a re  d i s t r i b u t e d  
over the  volume o f  t i s s u e  t ra u m a t i s e d  by the  need le  and a re
i n s u f f i c i e n t  t o  f i l l  i t .  In these  c i r cu m s ta n ces  the  c e l l s  l i e  s i n g l y
o r  in smal l  agg rega tes  w i t h i n  the t r a u m a t i s e d  c o n n e c t i v e  t i s s u e .  
F i d l e r ,  Gersten  and H a r t  (1978) r e f e r  t o  e v id ence  t h a t  c e l l s  f rom 
some tumours may be dependent  upon one a n o th e r  f o r  a s t im u lu s  to  
d i v i d e ,  and the  f a c t  t h a t  i n o c u l a t i o n  o f  smal l  numbers o f  c e l l s
sepa ra tes  these c e l l s ,  and t h i s  c o u ld  d e te rm ine  in some tumour systems
the  minimum number r e q u i r e d  t o  t r a n s p l a n t  a tumour.
The r e s u l t s  o f  the  d i l u t i o n  assay i n d i c a t e  t h a t  the  tumour c e l l s  
appear t o  grow more q u i c k l y  o r  have a b e t t e r  take  r a t e  when LI c e l l s
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are added. I t  seems reasonab le  to  presume th a t  the Li  c e l l s ,  a c t i n g  
as a f ramework f o r  the  w i d e l y  sepa ra ted  tumour c e l l s  ( f rom a small  
inoculum) a c t  thus as a s t i m u l u s  f o r  them to  d i v i d e  because they in  
tu rn  s t i m u l a t e  v a s c u l a r i t y .  From h i s t o l o g i c a l  e x a m in a t io n  o f  ve ry  
small  tumours ( o f  less  than 1mm d ia m e te r )  i t  was seen ( F ig u re  A -8. ) 
t h a t  these tumours wh ich  were produced f rom a low inocu lum q u i c k l y  
assumed the  form o f  a r i n g  o f  smal l  f o c i  o f  r a p i d l y  d i v i d i n g  c e l l s .  
I n i t i a t i o n  o f  new c a p i l l a r i e s  had begun a t  the s m a l l e s t  s i z e  examined.  
The ' s t a t i o n a r y  phase '  p e r i o d  seemed to  c o i n c i d e  w i t h  t h i s  p e r i o d  o f  
v a s c u l a r i s a t i o n .  A no the r  p o s s i b l e  e x p l a n a t i o n  f o r  the v a r i a b l e  
‘ s t a t i o n a r y  phase'  is. t h a t  w i t h  a low inoculum c e l l s  l i e  some d i s t a n c e  
a p a r t  as is  shown in F ig u r e  A
O
O
= s i n g l e  c e l l  
o = a c 1 one o f  c e l l s
These then beg in  t o  d i v i d e  u n t i l  t h e i r  s i z e  i s  l i m i t e d  by n u t r i t i o n  
e t c .  T h is  may n o t  happen a b r u p t l y  and growth o f  ' m i n i '  tumours w i l l  
g r a d u a l l y  s low down. A long  w i t h  t h i s  decreased r a t e  o f  g rowth  the 
tumour c e l l s  may re le a s e  a d i f f u s e  f a c t o r  ( tumour a ng io g e n e s is  
f a c t o r  TAF). Folkman e t  al  (1970) found t h a t  tumours wh ich  have 
reached a c e r t a i n  s i z e  re leased  t h i s  TAF which i s  m i t o g e n i c  f o r  
c a p i l l a r y  e n d o t h e l i a l  c e l l s  and t h i s  was found to  induce DNA 
s y n th e s i s  in c a p i l l a r y  e n d o t h e l i a l  c e l l s  as f a r  as 3“ 5mm from the 
i n j e c t i o n  s i t e  w i t h i n  24 hou rs .  At  t h i s  s tage the v a s c u l a r i t y  w i l l  
be s t i m u l a t e d  and the tumour beg in  i t s  e x p o n e n t i a l  g row th .  Wi th  
h ig h e r  i n o c u l i  however,  c e l l s  l i e  c l o s e r  t o g e th e r .  T h is  i s  shown in 
F igu re  B.
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S:
restriction
They w i l l  thus suddenly., reach the  s tage  when there wLLl be|^of  g rowth  
by la ck  o f  n u t r i e n t s  d i f f u s i n g  t o  a l l  the  d i v i d i n g  c e l l s ,
a l s o  l a rg e  amounts o f  TAF w i l l  be produced,  thus th e re  may 
be a v e ry  s h o r t  ' s t a t i o n a r y  p h a s e ' .
Ano the r  p o s s i b l e  e x p l a n a t i o n  o f  t h i s  e f f e c t  i s  suggested by the work 
o f  Tannock ( I 968) who showed t h a t  the  t u r n o v e r  t im e  o f  the 
e n d o t h e l i a l  c e l l  p o p u la t i o n  in the  system he was w o rk ing  w i t h  (50 
hours )  lagged beh ind  the  t u r n o v e r  t ime o f  i t s  tumour c e l l s  (22 h o u rs ) .  
As the tumour grew t h i s  led t o  inc re ase d  i n t e r c a p i l l a r y  d i s t a n c e  hence 
t o  decreased r a t e  o f  g row th  as w e l l  as n e c r o s i s .  I t  is  p o s s i b l e  t h a t  
the t u r n o v e r  t ime o f  the  m ic r o s c o p i c  tumour c e l l s  r e s u l t i n g  f rom low 
i n o c u l i  c o u ld  be ve ry  much more r a p id  than when these approached the 
s i t u a t i o n  when they  tended t o  c o a les c e .
I f  the ' s t a t i o n a r y  phase'  was caused by an immune response t h i s  would 
have been e v id e n t  w i t h i n  48 hours and s ig ns  o f  t h i s  would s t i l l  be 
appa ren t  a t  the  ' 1mm' s ta g e .  There was o n ly  ve ry  s l i g h t  ev idence  o f  
any immune response and t h i s  was n o r m a l l y  round the  need le  t r a c k  
which  m igh t  have been expec ted  as the response t o  a wound. Th is  
would not  have been a v a r i a b l e  response.
2 . 4 .  0 . 2 M a ^ c ro s q o R ic
At e a r l y  s tages tumour growth has been found to  be e x p o n e n t ia l  (see 
2. 3. 2) , a f a c t  wh ich  is  a l s o  t r u e  . .
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in many human tumours ( S p r a t t  and S p r a t t ,  1964; H e w i t t ,  1976;
Stee l  , 1977).  I t  m igh t  appear t h a t  tumour growth  under idea l  
c o n d i t i o n s  and where t h e r e  i s  no p h y s i c a l  c o n s t r a i n t ,  would be a 
s im p le  e x p o n e n t ia l  p ro c e s s ,  t e r m in a te d  by the  e xha u s t ion  o f  the  
n u t r i e n t  supp ly  f rom the  h o s t .  M o s t  e x p e r im e n ta l  tumours
grow more s lo w ly  when l a r g e  than when s m a l l .  T h is  k in d  o f  growth  
cou ld  a r i s e  i f  the  a c t i v e  g rowth  o f  a s o l i d  tumour were l i m i t e d  o n l y  
t o  the  o u t e r  la y e r  o f  c e l l s  a t  the  s u r fa c e  o f  the tumour (Mayneord,  
1932) .  Here n u t r i t i o n a l  su pp ly  would be p r o p o r t i o n a l  t o  the  s u r f a c e  
area wh ich  may be the  case when the  supp ly  i s  a ne twork  o f  ve ry  f i n e  
v e s s e ls  r a t h e r  than main a r t e r i e s  -  as is  o f t e n  the  case.  However, 
tumours do n o t  n o r m a l l y  grow o n l y  a t  the  s u r f a c e .  The reasons f o r  
g rowth  l i m i t a t i o n  in l a r g e r  tumours a re  p roba b ly  m u l t i p l e ,  however one 
reason i s  t h a t  as the  tumour expands i t  outgrows i t s  b lood  s u p p ly ,  
s in c e  v e s s e ls  w i t h i n  a tumour,  l a c k i n g  e l a s t i c  t i s s u e ,  cannot  
accommodate the i n c r e a s i n g  demands made by the c o n s t a n t l y  d i v i d i n g  
c e l l s .  There i s  a l s o  p h y s i c a l  p re s s u re  on the  ve s s e ls  ca us ing  them 
o f t e n  t o  be occ luded  w i t h  th e  consequent  b u i l d - u p  In the  l a r g e r  
tumours o f  c y t o t o x i c  p ro d u c ts  o f  n e c r o s i s  wh ich  may i n h i b i t  g row th .  
Th is  r e t a r d i n g  e f f e c t  c o u ld  a l s o  be due t o  an in c re a se  in mean 
g e n e ra t i o n  t im e  ( i . e .  in c re ase  in c e l l  d o u b l i n g  t im e) w i t h o u t  a change 
in the p r o p o r t i o n  o f  re p ro d u c in g  c e l l s  o r  i t  may be due t o  a loss  in 
r e p r o d u c t i v e  c e l l s  w i t h o u t  changes in  mean g e n e ra t i o n  t im e  ( th e  c e l l  
loss  f a c t o r ) ,  o r  t o  a co m b in a t io n  o f  these  two p ro cesses .  N e c ro s is  
is  e v i d e n t  in most s o l i d  tumours ,  as in the  C3H tumour', the
dead c e l l s  appear t o  remain in s i t u ,  and hence t h e i r  c o n t r i b u t i o n  t o  
tumour s i z e  remains (see 2 . 3 . 1 ) .  The o n l y  loss  is  in the  p r o p o r t i o n  
o f  r e p r o d u c t i v e  c e l l s  c o n t r i b u t i n g  t o  l a t e r  tumour g ro w th ,  however
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L a i r d  (1964) has h y po thes ise d  t h a t  t h e i r  loss cannot  account  f o r  
the shape o f  the c u rve  r e p r e s e n t i n g  observed tumour growth and thus 
i t  i s  l i k e l y  t h a t  the observed d e c e l e r a t i o n  i s  a t  l e a s t  in p a r t  due 
to an a c tu a l  i nc rease  in the mean g e n e ra t i o n  t ime -  i . e .  a d ep ress ion  
o f  the g rowth  r a t e .
Folkman (1974) has h y p o th e s ise d  t h a t  a ng iog ene s is  c o n t r i b u t e s  to  growth  
l i m i t a t i o n  in two ways :
by the i n a b i l i t y  o f  the e n d o t h e l i a l  c e l l  p r o l i f e r a t i o n  t o  keep
pace w i t h  tumour c e l l  p r o l i f e r a t i o n
because e n d o t h e l i a l  c e l l s  in  the  depth  o f  the tumour d ie .
A l l  the f e a t u r e s  wh ich  have been d esc r ib e d  as t y p i c a l  o f  l a rg e  tumours 
can be seen by e x a m in a t io n  o f  the h i s t o l o g y  o f  l a r g e  C^H tumours (see 
F ig u re  2 . 7 ) ,  where one f i n d s  e v iden ce  o f  c e l l s  w i t h  p y k n o t i c  n u c l e i ,  
and areas where c e l l s  a re  in a f u r t h e r  s t a t e  o f  a u t o l y s i s .  There are 
a l s o  c e l l s  w i t h  m i t o t i c  f i g u r e s  in w e l l  v a s c u l a r i s e d  a reas .
In the n e c r o t i c  zone many remnants o f  c a p i l l a r i e s  were no ted  (F ig u re
2. 6) wh ich  had r u p t u r e d ,  p ro b a b ly  because the  b lo od  f l o w  had become 
inadequa te  f o r  the s u r v i v a l  o f  most o f  the  tumour c e l l s ,  wh ich  had d ie d  
and then s w o l l e n .  One c o n t r i b u t i o n  to  the  in c re a s e  in tumour s i z e ,  
a p a r t  f rom the  r a p i d l y  d i v i d i n g  c e l l s ,  is  t h a t  wh ich  comes f rom dead 
c e l l s .  These tend to  sw e l l  (as can be seen a t  h ig h  m a g n i f i c a t i o n )  
because the l a r g e  m o le cu les  w i t h i n  them b reak  down t o  g iv e  an in c reased  
number o f  s m a l l e r  m o lecu les  wh ich  e x e r t  a h i g h e r  osm o t i c  p re s s u r e  ( c f  
what happens a f t e r  h y p e r th e r m ia  t re a tm e n t  when the  tumour becomes 
oedematous (see 4 . 3 * 1 ) ) •  The s w o l le n  dead c e l l s  would then compress 
the c a p i l l a r i e s  so t h a t  no b lo od  would g e t  th rough  them. A t  t h i s  
s tage even the  l i v e  c e l l s  in the  lOOp r im  round the ve s s e l s  would d i e .
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The dead c e l l s  wou ld  beg in  to  a u t o l y s e  and so g iv e  no suppo r t  to  
the vesse l  w a l l  -  wh ich  in tumour v e s s e ls  is  a lways t h i n .  The 
v e sse ls  would then r u p tu r e  and i f  t h e re  remained any connec t ion  w i t h  
the main b lood  supp ly  th e re  wou ld  be haemorrhage.  T h is  d e s c r ib e s  
many human tumours (McCal l urn, pers .comm .) .
The s u i t a b i l i t y  o f  the  C3H tumour system to  t e s t  the e f f e c t s  o f  
hyp e r th e rm ia  has now been w e l l  e s t a b l i s h e d .  I t  now remains to  d e s c r ib e  
how a h e a t in g  system s u i t e d  t o  t h i s  tumour was d e v i s e d ,  and t h i s  w i l l  
be d e s c r ib e d  in  Chapter  3.
TABLE 2.1
CELL DILUTION ASSAY - WITHOUT KILLED CELLS
Number o f  C e l l s  
I n j e c t e d Ta ke Ra te
L a t e n t  
(± Standard
Per iod  
Devi a t
7 .5 X 10^ 10/10 100% 3.8 ± 0 .4
4.0 X 1Q6 21/21 100% 4 .5 ± 1.2
3.75 X 106 22/22 100% 4.4 ± 1.1
3 .6 X 106 3/3 100% 4 .7 ± 0.6
3.0 X 10& 31/31 100% 5.5 ± 1.4
1.0
(0. 1ml)
X 10&
(0 , 05ml)
40/40
29/29
100%
100%
6 . 8 
7 .0
± 0 .9  
± 0.8
5.0 X 105 36/38 95% 10.4 ± 3.00
1.0 X 105 34/38 94% 13.9 ± 3.6
5.0 X 10^ 32/35 91% 17.1 ± 6 .3
1.0 X 10^ 28/32 88% 18.9 ± 7 .0
5.0 X 103 44/49 89% 19.5 ± 4 .5
1.0 X 103 32/40 78% 22.4 ± 6.0
5.0 X 1Q2 22/33 67% 25.3 ± 2 .5
1.0 X 102 15/37 41% 28.8 ± 5 .9
5.0 X 10^ 23/64 36% 27.4 ± 5 .8
5.0 X 10° 14/49 29% 31.8 ± 6.0
TABLE 2 . 2
CELL DILUTION ASSAY - WITH KILLED CELLS
Number o f  C e l l s  
1 n j  ec ted
10*^
9 X 105 
105 
10^ 
103 
10%
Take Rate
40/40 100%
20/20 100%
53/55 97%
37/40 93%
48/51 94%
34/39 87%
L a te n t  Per io d  
(± Standard  D e v ia t i o n )
6.8 ± 1 .0
5 .2 ± 0 .5
10.0 ± 3.0
12.7 ± 3 .4
16.2 ± 2.4
22.3 ± 6 .4
TABLE 2 .3  
STATIONARY PHASE
Number o f  L i v e  Nq K i l l e d ’ C e l l s  (days)  W i th  K i l l e d  C e i l s  (days)
C e i l s  I n j e c t e d  , (+ sD)
S t a t i o n a r y  Phase S t a t i o n a r y  Phase
10^ 
1q5 
1 0^
5 X 103 
1q3 
1q2 
5
(± SD)
1
4 .5  ± 2 .5  
8 ± 5
11.5 ± 4
10.5 ± 1.5
9 .5  ± 3 .5  
18 ± 1.5
(± SD)
1
2 . 6  ± 0 . 5  
4 .2  ± 0 .9  
5 .9  ± 2
1-
9 .5  ± 3.2
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3.0 DEVELOPMENT AND APPLICATION OF THE HEATING SYSTEM TO THE 
CHOSEN TUMOUR MODEL
3*1 I n t r o d u c t i o n  -  C r i t e r i a  t o  be S a t i s f i e d
The aim o f  any h e a t i n g  te c h n iq u e  i s  t o  r a i s e  the  te m p e ra tu re  w i t h i n  
a tumour as q u i c k l y  and u n i f o r m l y  as p o s s i b l e  t o  the  d e s i r e d  
o p e r a t i n g  te m p e r a tu r e ,  w i t h o u t  s i g n i f i c a n t l y  h e a t i n g  the  s u r ro u n d in g  
normal t i s s u e .  In i n v e s t i g a t i n g  the  a v a i l a b l e  methods o f  h e a t i n g  
smal l  animal  tum ours ,  no one method s a t i s f i e d  a l l  t he  re q u i rem en ts  
wh ich  seemed necessa ry  t o  t h i s  I n v e s t i g a t i o n .  A new te c h n iq u e  has 
thus  been deve loped wh ich  s a t i s f i e d  the  f o l l o w i n g  c r i t e r i a :
the  h e a t i n g  must  be l o c a l i s e d  t o  the  tumour w i t h o u t  s i g n i f i c a n t l y  
r a i s i n g  the  t e m p e ra tu r e  o f  s u r r o u n d in g  t i s s u e .  There  must be no 
sys tem ic  h y p e r t h e r m ia .
tem p e ra tu re  g r a d i e n t s  w i t h i n  the  tumour must  be sma l l  s i n c e  ve ry  
smal l  changes in  te m p e ra tu re  can have a l a r g e  e f f e c t  on c e l l  k i l l  
( c f  C r i l e ,  1962 and Hahn, 1974).
no a n a e s t h e t i c  shou ld  be used.  B i o l o g i c a l  reasons f o r  t h i s  a re  
d iscu ssed  in  4 . 4 . 1 .  A n a e s t h e t i c s  a l s o  i n t r o d u c e  a n o th e r  v a r i a b l e  
t o  c o m p l i c a te  a n a l y s i s  o f  r e s u l t s .
s t r e s s  must be m in im ise d  because t h e r e  i s  e v id e n c e  t h a t  s t r e s s  lowers  
t e m pe ra tu re  in  mice (S h e ldo n ,  H i l l  and M o u ld e r ,  1977).
i t  must g i v e  r e s u l t s  wh ich  w i l l  be c l i n i c a l l y  r e l e v a n t .  T h i s  has 
a l r e a d y  been d is c u s s ed  In r e l a t i o n  t o  the  tumour system (see 2 , 4 . 1 ) .
A te ch n iq u e  s u i t a b l e  f o r  h e a t i n g  a smal l  a n i m a l ' s  tumour may be 
r a t h e r  d i f f e r e n t  f rom one des igned  t o  t r e a t  a human tumour .  However, 
in c o n s i d e r i n g  the  d e s ig n ,  the  b a s i c  co nc e p t  was t h a t  i t  wou ld  be
F ig u r e  3.1
C o n s t r a i n i n g  j i g  w i t h  animal  i n s i d e  - tumour is  
su p p o r te d  by c o l l a r
F i g u r e  3 . 2  
Tumour suppor ted by c o l l a r .
A - tumour,  B -  c o l l a r ,  C -  c o n s t r a i n i n g  j i g
YF i gu r e  3 - 3
X - d i amet e r  of  h o l e ,  Y - th i ckness  of  l ead ,  
Z - d i amet er  of  top of  c o l l a r  (= 7mm)
F ig u re  3 • ^ 
Col 1 a r
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a p p l i c a b l e  c l i n i c a l l y .
The l o c a l  and sys te m ic  response t o  h e a t ,  t o  be d e s c r ib e d  in t h i s  t h e s i s ,  
w i l l  be compared w i t h  the  e f f e c t s  o f  s u rg e ry  and o f  i r r a d i a t i o n  on 
the  same animal  tumour ,  c a r r i e d  o u t  c o n c u r r e n t l y , and as f a r  as the  
X - ra y  work i s  co nce rned ,  r e p o r te d  on more f u l l y  by Abde laa l  (1 9 ^9 ) .
The lo c a l  responses w i l l  be compared as a means o f  h e l p i n g  t o  
unders tand  the  complex mechanism o f  reg row th  a f t e r  t r e a t m e n t ,  w h i l e  the  
sys tem ic  e f f e c t s  t o  be d is c u s s e d  in  Chapte r  5 g i v e  some f u r t h e r  
i n f o r m a t i o n  on the major  p roblems o f  m é tas ta sé s .
3 .2  Methodology  and R e s u l t s  o f  C a l i b r a t i o n  Techn iques
3 . 2 , 1  A n im a l S u p p o rts
In a l l  the  h y p e r th e r m ia  e x p e r im e n ts  t o  be d e s c r ib e d  an im a ls  were 
c o n s t r a i n e d  In an u p r i g h t  p o s i t i o n  and were n o t  a n a e s th e t i s e d .  The 
tumour was r e t r a c t e d  th rou gh  a 6mm w ide  s l i t  in  a c o n s t r a i n i n g  J i g  
( F ig u r e  3 . 1 ) .  The d im ens ions  o f  the  j i g  p e r m i t t e d  some f reedom o f  
movement and gave room f o r  in c re ase d  depth  o f  b r e a t h i n g  t o  occu r  (by 
wh ich  means co re  t e m p e ra tu r e  In mice i s  r e g u l a t e d ) .  The perspex 
c o n s t r u c t i o n  a l lo w e d  f o r  the  o b s e r v a t i o n  o f  an im a ls  d u r i n g  t r e a tm e n t .  
They s e t t l e d  down q u i c k l y  and were under no a p p a re n t  s t r e s s  when t r e a t e d  
a t  tem pera tu res  up t o  4S°C; thus no a n a e s t h e t i c  was r e q u i r e d .  Holes 
were d r i l l e d  in the  j i g  t o  he lp  m a in t a i n  normal  body te m pe ra tu re .  The 
des ign  a l lo w e d  tumours in s l i g h t l y  v a r y i n g  p o s i t i o n s  t o  be t r e a t e d .
As unsupported  tumours sagged o n l y  the  top and s id e s  o f  the  tumours 
c o u ld  be heated by the  te c h n iq u e  t o  be d e s c r i b e d ,  t h e r e f o r e  a copper 
c o l l a r  (F ig u re s  3 .2 ,  3 .3  and 3 .4 )  was des igned bo th  t o  p r o v id e  s u ppo r t  
and t o  ensure  maximum hea t  t r a n s f e r  t o  the  base o f  the tumour .  V a r io us
AFi gu r e  3-5  
Schemat ic diagram of  h e a t i n g  system.
A r e s e r v o i r ,  B heat  and pump u n i t ,  C o u t l e t  f rom h e a t i n g  
u n i t ,  D i n l e t  to h e a t e r  a p p l i c a t o r ,  E o u t l e t  f rom h e a t e r  
a p p l i c a t o r ,  F c o n s t r a i n i n g  J i g ,  G t hermometer ,  H thermocouple
1 ead
F i gu r e  3 - 6 
He a t i n g  s e t - u p
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s i z e s  o f  c o l l a r s  were made (F ig u re  3-3)  a f t e r  t a k i n g  I n t o  account  
the  f o l l o w i n g  v a r i o u s  f a c t o r s :
tumours v a r i e d  in s i z e  -  6 .5  ± 0.5mm d ia m e te r
mouse sk in  t h i c k n e s s ,  measured by a m ic r o m e te r ,  v a r i e s  w i t h  sex 
male mice sk in  t h i c k n e s s  a p p r o x im a te l y  0.75mm 
female  mice sk in  t h i c k n e s s  a p p ro x im a te l y  0.62mm 
-  compression  o f  b lo od  v e s s e l s ,  wh ich  must a r i s e  p u r e l y  by r a i s i n g
the tumour ,  shou ld  be re asonab ly  comparable  w i t h  t h a t  produced u s ing  
the  r a d i a t i o n  j i g .  S ince compar isons between the  two t re a tm e n ts  
were t o  be made as i t  was dec ided  t h a t  tumours shou ld  i f  p o s s i b l e  
be o f  s i m i l a r  hypox ic  s t a t u s
the  tumour was Imbedded t o  a p p r o x im a te l y  a t h i r d  o f  i t s  d ia m e te r  and 
c o u ld  be more e f f i c i e n t l y  heated  i f  seated In the  c o l l a r .
2,2,8 Heating System
T h is  system is  one where heated w a te r  was pumped th roug h  an a p p l i c a t o r  
f rom a r e s e r v o i r  (see F ig u re s  3*5 and 3 .6 )  and hea t  was d e l i v e r e d  f rom 
the  w a te r  t o  the  tumour th rough  a membrane and c o l l a r .  Tumour and 
animal  tem pe ra tu res  were measured u s in g  the rm ocoup les  in c o n j u n c t i o n  
w i t h  an e l e c t r o n i c  the rm ometer .  The v a r i o u s  e lem en ts  o f  the  h e a t in g  
system w i l l  now be d e s c r ib e d  in more d e t a i l .
The t h e r m o s t a t i c  c o n t r o l  u n i t  ( t y p e  SU6, Grant  I n s t ru m e n ts  L td )  is  
o f  the  c l i p - o n  type  wh ic h  enab les  any s u i t a b l e  tan k  o f  ove r  10 l i t r e s  
c a p a c i t y  t o  be used as a r e s e r v o i r ,  f rom wh ich  w a te r  can be pumped 
th rough  o t h e r  app a ra tus  a t  a c a r e f u l l y  c o n t r o l l e d  t e m p e ra tu re .  The 
l i q u i d  expans ion  th e rm o s ta t  g i v e s  tem pe ra tu re  c o n t r o l  to  ± 0.05°C in 
tanks o f  ove r  10 l i t r e s .  The tem pe ra tu re  o f  the  c i r c u l a t i n g  w a te r  
was mon I ted  by a t h e r m i s t o r  as i t  l e f t  the pump u n i t .  The maximum
\F ig u re  3-7
Diagram o f  w a te r  h e a t e r .  Membrane is  shown in  convex 
p o s i t i o n .  I t  assumes a concave p o s i t i o n  when p la ce d
ov e r  tumour.
1 -  i n l e t  h o le s ,  2 -  i n l e t  f rom r e s e r v o i r ,
3 -  o u t l e t  to  r e s e r v o i r ,  4 -  membrane,
5 "  0 - r i n g
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f l o w  f rom the  c o n t r o l  u n i t  was 11 l i t r e s  per  m in u te ,  and each 
h e a t i n g  d e v i c e  r e q u i r e d  j u s t  o v e r  0 .5  l i t r e s  per  m in u te  t o  m a in t a i n  
the  c o r r e c t  t e m p e ra tu r e ;  a by -pass  v a l v e  was f i t t e d  t o  ensure  the  
c o r r e c t  f l o w  t o  each d e v i c e .  I t  was dec ided  n o t  t o  i n s u l a t e  the  
t u b in g  c a r r y i n g  w a te r  t o  the  i n d i v i d u a l  h e a te rs  because o f  th e  space 
re q u i r e d  t o  do t h i s ,  b u t  c o n n e c t i o n s  were ,  however,  o f  c o n s t a n t  l e n g th  
(45cms). The f a l l  in  t e m p e ra tu re  a lo ng  each c o n n e c t i n g  tube was under 
1°C and e v e ry  mouse tumour te m p e ra tu re  was a lways  re co rd e d .
è'J2.3 H ea t A p p l ic a to r
Water pumped f rom the  r e s e r v o i r  was c i r c u l a t e d  th ro u g h  the  h o l l o w  w a l l  
o f  the  perspex  h e a te r  and e n te re d  the  chamber above th e  tumour t h rou gh  
ho les  d r i l l e d  o b l i q u e l y  t o  the  c i r c u m f e r e n c e .  T h is  produced an eddy 
f l o w  round the  tum our ,  wh ich  was heated th rough  a membrane a t t a c h e d  
t o  the  h e a te r  (see F ig u r e  3 . 7 ) .  The h e i g h t  o f  w a te r  in  the  d e v i c e  was 
a d j u s t e d  t o  g i v e  s u f f i c i e n t  m ix i n g  and was j u s t  enough t o  ho ld  the  
d iaphragm in c o n t a c t  w i t h  th e  tumour.  I n t r o d u c t i o n  o f  c o lo u r e d  dye 
i n t o  the  w a te r  showed t h a t  t h e r e  was tho rough  m ix i n g  in  the  h e a t e r .
The membrane was h e ld  i n  p o s i t i o n  by an 0 - r i n g ,  s i t u a t e d  in  a g ro ove ,  
wh ic h  o b v i a t e d  leakage p rob lem s .  The most  s u i t a b l e  membrane f o r  
the  p a r t i c u l a r  tumour used in  t h i s  s tudy  was the  Ho r izon  S t im u la  
c o n t r a c e p t i v e  shea th  (G D S ea r le  and Co L td ,  High Wycombe). To ensure  
good the rm a l  c o n t a c t  between the  membrane and the  tumour,  K-Y 
l u b r i c a t i n g  j e l l y  (Johnson and Johnson L t d ,  S lo u g h ) ,  wh ich  i s  harmless 
t o  t i s s u e  and does n o t  damage p l a s t i c  o r  r u b b e r ,  was r o u t i n e l y  used. 
The te m p e ra tu re  measured a t  the  I n t e r f a c e  between the  membrane and 
the  tumour was d e s ig n a te d  s u r f a c e  t e m p e ra tu r e .
The hea t  a p p l i c a t o r  was p laced  over  the tumour as i s  shown in  F ig u re
ÉF i gur e  3 . 8
Heat  a p p l i c a t o r  in p o s i t i o n  over  a tumour
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3 .8 .  The s id es  o f  the  h e a te r  were suppo r ted  by the  c o n s t r a i n i n g  j i g  
and the  membrane took  up the  shape o f  the  tumour.  The h e a te r  was 
he ld  in  p o s i t i o n  by an e l a s t i c  band t o  a l l o w  the  animal  t o  move.
3 . 2 . 4  T e n p e ra tu re  M e a su ring  Equ ipm ent
3 . 2 . 4 . 1  E te o t ro n io  the rm om ete r
A l l  t em pe ra tu re  m o n i t o r i n g  was c a r r i e d  o u t  us in g  c o p p e r - c o n s ta n ta n  
thermocouples  w i t h  the  Comark e l e c t r o n i c  thermometer  type  1624, in 
c o n j u n c t i o n  w i t h  S e l e c t o r  U n i t  t ype  1694, wh ich  enab led  the  
therm ocoup les  t o  be connec ted  s e q u e n t i a l l y  t o  the  e l e c t r o n i c  
thermometer .  The thermometer  was s p e c i a l l y  c a l i b r a t e d  t o  g iv e  a 
p r e c i s i o n  c la im ed  t o  be g r e a t e r  than ± 0.05°C in the  tem pe ra tu re  range 
30-49°C.  T h is  thermometer  has an a u to m a t i c  c o ld  j u n c t i o n  and i t  is  
c la im ed  t h a t  over  the  range 10~30®C th e re  i s  less  than ± 0.5*C ' '
d e v i a t i o n .  In p r a c t i c e  ambien t  tem pe ra tu re  was a lways 22 ± 1°C. The 
u n i t  has a b u i l t - i n  compensa t ion  f o r  changes in r e s i s t a n c e  due t o  
d i f f e r e n c e s  in l e n g th s  o f  the rm ocoup le  le a ds ,  however in p r a c t i c e  a l l  
leads were ke p t  the  same le n g t h .
3 . 2 . 4 . 2  Therm ooouples
The thermocouples  were made as f o l l o w s :
Rectal  probes were made o f  f i n e  copper and c o ns ta n ta n  w i r e s  brazed 
a t  the  j u n c t i o n .  An 11cm le n g t h  n e x t  t o  the  j u n c t i o n  was i n s u l a t e d  
w i t h  v a r n i s h ,  p u l l e d  th rou gh  p o l y th e n e  s le e v in g  (2mm i n t e r n a l  d ia m e te r )  
and the  p o l y th e n e  t r immed so t h a t  the  thermocouple  j u n c t i o n  was j u s t  
exposed.  The rem a in ing  f r e e  ends were drawn s e p a r a t e l y  t h rou gh  PVC 
s le e v in g  and the  j u n c t i o n s  between these  and the  p o l y th e n e  se a led .  The 
thermocouple  j u n c t i o n  was sea led  u s ing  a g l o b u le  o f  IS 12 adhes ive  wh ich
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when se t  was s t i l l  s p h e r i c a l .  T h is  was ach ieved  w i t h  Permabond 
Quick  S e t t e r  (wh ich  speeds up ha rde n ing  and he lps  bond w i t h  p o l y th e ne )  
and gave a smooth f l e x i b l e  probe s u i t a b l e  f o r  i n s e r t i o n  I n to  the 
rectum. I t  was w e l l  t o l e r a t e d  by the  a n im a l ,  a l l o w i n g  i t  t o  move 
w i t h  the  probe in  p o s i t i o n .
Needle probes f o r  measur ing  i n t r a - t u m o u r  tem pera tu res  were made by 
drawing the  i n s u l a t e d  end o f  a therm ocoup le  j u n c t i o n  th rough  a 21 g 
need le  (0.8mm d i a m e t e r ) .  A v e ry  f i n e  j u n c t i o n  had to  be made. Only 
d is p o s a b le  need les  had a l a r g e  enough bore t o  a l l o w  the  j u n c t i o n  t o  
be accommodated in  the  need le  w i t h o u t  damaging the  i n s u l a t i o n .  The 
the rm ocoup le  j u n c t i o n  was p o s i t i o n e d  j u s t  beh ind the  need le  t i p .  The 
main problem in c o n s t r u c t i o n  was in s e a l i n g  th e  need le  t i p  w i t h o u t  
b l u n t i n g  the  n e ed le ,  A compromise In need le  s i z e  was necessa ry ,  s in c e  
some need les  had t o  be s t ro n g  enough t o  a l l o w  c u r v a t u r e  and ho ld  t h a t  
cu rve  t o  an a r c ,  c a l c u l a t e d  so t h a t  the  t i p  o f  the  need le  c o u ld  be 
i n s e r t e d  i n t o  the  c e n t r e  o f  the  tumour f rom below. Needles a l s o  had 
t o  be s t r o n g  enough t o  w i t h s t a n d  i n s e r t i o n  t o  a d i s t a n c e  o f  abou t  2cm 
under the s u r fa c e  o f  the  s k in  in o r d e r  t o  I n s u l a t e  them from the 
h e a te r  t o  p r e v e n t  e r r o r s  In te m p e ra tu re  a r i s i n g  because o f  hea t  
c o n d u c t i o n  a long  the  need le*
Probes were made t o  measure tumour s u r fa c e  t e m p e ra tu r e .  In making the  
s u r fa c e  probes a 5cm l e n g th  f rom the  j u n c t i o n  was sea led  in t e f l o n  
and d o u b le - s id e d  s e l l o t a p e .  T h is  made ve ry  f l e x i b l e  therm ocoup les .
3.2.  5 C a l ib r a t io n
Procedures  t o  t e s t  c e r t a i n  c r i t e r i a  such as s t a b i l i t y  o f  h e a t in g  system 
and c a l i b r a t i o n  o f  hea t  a p p l i a n c e s  were more s u i t a b l y  per formed us ing
 ^ THER/WOCOUPLE ^
F ig u re  3 .9
C r o s s - s e c t i o n  o f  h e a te r  and phantom showing p o s i t i o n  
o f  the rm ocoup le  probes -  no c o l l a r  is  shown f o r  c l a r i t y  
1 -  hea t  a p p l i c a t o r ,  2 -  h e a te r  membrane, 3 “  s u r f a c e  
p robe ,  4 -  phantom, 5 “  i n s u l a t i o n
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F ig u r e  3.10 
T y p ic a l  c a l i b r a t i o n  c u rv e  f o r  the rm ocoup les
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a phantom, f i r s t l y  s in c e  mice were saved and second ly  because 
tem pe ra tu re  v a r i a b i l i t y ,  as was found In m ic e ,  was e l i m i n a t e d  so 
per fo rm ance  o f  equ ipment  was t e s t e d  more a c c u r a t e l y .  The phantom, 
o f  d en ta l  wax, wh ic h  has s i m i l a r  therm al  p r o p e r t i e s  t o  muscle ( H a t f i e l d  
and Pugh, 1951; C a r t e r  and P e r r y ,  1977) was c o n s t r u c t e d  as shown In 
F ig u re  3 -9 .  The main s la b  o f  the  phantom re p re s e n ted  the  mouse body,  
and a ‘ tumour*  was shaped t o  s im u la t e  the  mouse tumour o f  the  s i z e  
t r e a t e d .  The phantom was i n s u l a t e d  w i t h  p o l y s t y r e n e .
T e s t i n g ,  c a l i b r a t i o n  and p r e - s e t t i n g  o f  equ ipment were n o r m a l l y  
per fo rmed us in g  the  phantom. In most  o f  the  c a l i b r a t i o n s  the  heat  
a p p l i c a t o r s  were p la ce d  on top  o f  t h e  ‘ tum ours '  w i t h  therm ocoup les 
p o s i t i o n e d  as i l l u s t r a t e d .  V a r io u s  c a l i b r a t i o n s  were c a r r i e d  o u t .
Thermocouple probes  were c a l i b r a t e d  r o u t i n e l y  a g a i n s t  a s tan da rd  
NPL mercury in g la s s  the rm om ete r .  Temperature  read ings  were made 
In s teps  o f  a p p r o x im a t e l y  0.5°C w i t h  i n c r e a s i n g  then d e c reas ing  
te m p e ra tu re .  A mean d e v i a t i o n  was recorded  f o r  e ve ry  probe.
F ig u re  3.10 shows t y p i c a l  the rm ocoup le  c a l i b r a t i o n  cu rves  f o r  
I n c r e a s in g  and d e c r e a s in g  te m p e ra tu r e .  A b es t  f i t  l i n e  was o b ta in e d  
by the  method o f  l e a s t  sq ua res .  A d jus tm e n ts  were a lways made to  
tem pe ra tu res  as measured by each probe so t h a t  c o r r e c t e d  
tem pe ra tu res  were re co rd e d .
To t e s t  f o r  the rm a l  s t a b i l i t y  o f  the  h e a t in g  system over  the  range 
o f  t em pe ra tu res  o f  i n t e r e s t  measurements were made on the  " tumour*  
u s in g  o n l y  the  s u r f a c e  probe  as i l l u s t r a t e d  in F ig u re  3 .9 .
Thermal s t a b i l i t y  o f  the  h e a t i n g  system was demonst ra ted  by 
cons tancy  o f  t e m pe ra tu re  t o  ± 0.05°C as measured a t  i n t e r v a l s  o f  
1°C over  the  te m pe ra tu re  range 33~46°C a f t e r  s t a b i l i s i n g  a t  each
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t em pe ra tu re  i n t e r v a l .
The h e a t in g  a p p l i c a t o r s  were c a l i b r a t e d  by . p l a c i n g  s u r f a c e  
probes a t  d i f f e r e n t  p o s i t i o n s  on th e  ' t u m o u r '  s u r f a c e  -  up to  
f i v e  be ing  used s i m u l t a n e o u s l y ,  t o  measure the  v a r i a t i o n  in  
tem p e ra tu re  o v e r  t h e  ' t u m o u r '  s u r f a c e ,  a t  d i f f e r e n t  f l o w  r a t e s .  
The opt imum f l o w  r a t e  gave minimum v a r i a t i o n  in tem pe ra tu re  
between d i f f e r e n t  p o i n t s  on th e  ' t u m o u r ' / h e a t e r  i n t e r f a c e .  
D i f f e r e n t  f l o w  r a te s  were found by measur ing  the  c o l l e c t e d  
volumes o f  w a t e r ,  ove r  a g iv e n  p e r i o d ,  a f t e r  the  w a te r  had f lo w e d  
th rough  the  h e a t i n g  d e v i c e .  The s m a l l e s t  v a r i a t i o n  in 
tem pe ra tu re  between probes was ± 0.05°C o v e r  the  tumour s u r f a c e .  
T h is  was o b ta in e d  w i t h  a f l o w  r a t e  o f  0 .5  l i t r e s  per  m in u te .  A 
more r a p id  r a t e  caused the  a p p l i c a t o r  t o  l i f t  and lose  c o n t a c t  
w i t h  the  tumour,  w h i l e  a s lo w e r  r a t e  gave l a r g e r  v a r i a t i o n s  in 
te m p e ra tu re .  W i th  t h a t  f l o w  r a t e  22 mice c o u ld  be t r e a t e d  
s im u l t a n e o u s l y  s in c e  the  f l o w  r a t e  f rom the  pump u n i t  was 11 
l i t r e s / m i n u t e .  The r e s u l t s  o f  c a l i b r a t i o n  o f  equ ipment  showed 
t h a t  i t  was s t a b l e  and c apa b le  o f  g i v i n g  a c c u r a te  and 
r e p r o d u c i b l e  t e m p e ra tu re s .
Since tumours were t o  be heated  a t  an e x a c t  p re d e te rm in e d  
tem pe ra tu re  i t  was necessary  t o  c a l i b r a t e  the  h e a te r  so t h a t  i t  
c o u ld  be a c c u r a t e l y  p r e - s e t  t o  any tem pe ra tu re  r e q u i r e d .  
S t a b i l i s a t i o n  a t  a s p e c i f i e d  te m p e ra tu re  too k  a p p r o x im a te l y  10 
m inu tes  t h e r e f o r e  i t  was necessa ry  a lways  t o  c a r r y  o u t  t h i s  
c a l i b r a t i o n  t o  p r e - s e t  the  h e a t e r .  A c a l i b r a t i o n  c u rve  was thus 
c o n s t r u c t e d  f rom the  tem pera tu res  reco rded  us in g  a s u r fa c e  probe 
on a phantom and on an animal  tumour,  a t  v a r y i n g  pump/hea t ing  
u n i t  te m p e ra tu re s .  T h is  was c a l l e d  the  phantom ' t u m o u r ' /mouse
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F ig u re  3.11 
Phan tom/mouse c a l i b r a t i o n
6 6 .
tumour c a l i b r a t i o n  and was c a r r i e d  o u t  f o r  every  s u r face  
therm ocoup le  s in c e  therm ocoup les  o f t e n  v a r i e d  s l i g h t l y .  F ig u re  
3.11 shows a t y p i c a l  c a l i b r a t i o n  cu rve  o f  tem pera tu res  measured 
c o n c u r r e n t l y  on phantom and animal  tumours.
A l tho u gh  the phantom and animal  tumours cannot  be c o ns id e re d  as e x a c t l y  
e q u i v a l e n t ,  as heat  lo s s  f rom the  phantom ' t u m o u r '  by c o nd u c t i on  was 
g r e a t e r  than f rom the  animal  tumour,  t h i s  c a l i b r a t i o n  was u se fu l  so 
t h a t  the r e q u i r e d  animal  i n t r a - t u m o u r  t em pe ra tu re  c o u l d  be reached in 
under 2 m inu tes  f rom the  s t a r t  o f  a h y p e r th e r m ia  e x p e r im e n t .
Be fo re  the  b e g in n in g  o f  most  h y p e r th e r m ia  e x p e r im en ts  the heat  
a p p l i c a t o r  was p laced  o v e r  the  phantom ' t u m o u r '  u n t i l  the  re q u i r e d  
e q u i v a l e n t  te m p e ra tu re  was reached ,  when i t  was moved -  t o g e th e r  w i t h  
the  s u r f a c e  probe -  d i r e c t l y  on t o  the  animal  tumour .
2 . 2 . 6  Tumour Tem pera tu re  G ra d ie n ts
3 . 2 . 6 . 1
Methods o f  im p rov in g  u n i f o r m i t y  o f  t e m p e ra tu re  w i t h i n  the heated  tumour 
were i n i t i a l l y  i n v e s t i g a t e d  u s in g  the  phantom. To e v a l u a t e  the 
advantage o f  c o l l a r s  b e in g  p laced  round the  ' t u m o u r '  a s e r i e s  o f  
e x pe r im en ts  was pe r fo rm ed  u s in g  the  s e t - u p  shown in  F ig u re  3 .9 .  For 
c l a r i t y  the  c o l l a r  has n o t  been shown in the d iag ram .  The p o s i t i o n  
occup ie d  by the  c o l l a r  i s  shown in  F ig u re  3 .2 .
Two d i f f e r e n t  s e ts  o f  e x p e r im e n ts  were c a r r i e d  o u t  t o  see whether 
c o l l a r s  improved the  te m p e ra tu re  d i s t r i b u t i o n  in the  ' t u m o u r '  when heat  
was a p p l i e d .
In the f i r s t  se t  o n l y  s u r f a c e  probes were used. Temperatures  were
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F ig u re  3 .12
E v a l u a t i o n  o f  advantages  o f  use o f  c o l l a r  u s in g  phantom
0 no c o l l a r ,  *  c o l l a r ,  # c o l l a r  + e x t r a  i n s u l a t i o n
1 -  need le  in  c e n t r e  o f  tumour,  2 -  n ee d le  a t  base
o f  tumour
F i gure 3.13
X- r ay  photographs of  needle  probes in phantom bef ore  
and a f t e r  hyper t hermi a
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F ig u re  3 - 1 ^
C r o s s - s e c t i o n  o f  h e a t e r  w i t h  tumour  h e l d  a bo v e  c o n s t r a i n i n g  
j i g .  T h i s  f i g u r e  shows p o s i t i o n s  o f  n e e d l e  and s u r f a c e  
p r o b e s .  No c o l l a r  i s  shown f o r  c l a r i t y .
1 -  s t r a i g h t  n e e d l e  p r o b e ,  2 & 2A -  s u r f a c e  p r o b e s ,
3 “ heat a p p l i c a t o r ,  k - c u rv e d  n ee d le  p robe
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measured a t  d i f f e r e n t  p o i n t s  ove r  the ' t u m o u r '  s u r fa c e  w i t h  and w i t h o u t  
c o l l a r s  in  p o s i t i o n .  The v a r i a t i o n  in tem pera tu re  ove r  the upper 
s e c t i o n  o f  the  ' t u m o u r '  s u r f a c e  was w i t h i n  the e r r o r s  o f  measurement. 
W i th o u t  a c o l l a r  in p o s i t i o n  the tem pe ra tu re  a t  the  p e r i p h e r y  o f  the  
' t u m o u r '  was 0.4°C lower than when the  c o l l a r  was on.  T h is  in tu r n  
was a p p r o x im a te l y  0 . 1 °C lower  than t h a t  measured over  the  upper p a r t  
o f  the ' t u m o u r ' .
In the second se t  o f  e xpe r im e n ts  tem pe ra tu re  rea d ing s  were made w i t h  
the two n eed le  p robes .  A s u r f a c e  tem pe ra tu re  o f  42.5°C was a p p l i e d  t o  
the  ' t u m o u r ' .  One s e r i e s  o f  tem p e ra tu re  read in gs  was made w i t h  the  
c o l l a r  in p o s i t i o n ,  then a n o th e r  w i t h  the  c o l l a r  p lu s  a d d i t i o n a l  
thermal  i n s u l a t i o n  round the  phantom. The c o l l a r  was then removed 
and a t h i r d  s e r i e s  o f  tem pe ra tu re  read ings  taken .  X - ra y  pho tographs  
o f  the s e t - u p ,  w i t h  the  c o l l a r  in  p o s i t i o n ,  and a f t e r  i t s  remova l ,
were taken t o  check i f  any r e l a t i v e  movement o f  the  need le  probes had
taken p la c e  when the c o l l a r  was removed.
F ig u re  3 .12 shows r e s u l t s  o f  t em pe ra tu re  measurements made w i t h i n  the
' t u m o u r '  by need le  probes p o s i t i o n e d  as shown in  F ig u r e  3 .9 .  X - ra y  
pho tographs  were taken ( F i g u r e  3 .1 3 )  t o  check r e l a t i v e  p o s i t i o n  o f  
probes b e fo r e  and a f t e r  c o l l a r  was removed.
3. 2. 6. 2
To i n v e s t i g a t e  te m pe ra tu re  g r a d i e n t s  w i t h i n  animal  tumours when lo c a l  
heat was a p p l i e d  severa l  expe r im en ts  were c a r r i e d  o u t .  In most 
c a l i b r a t i o n s  a tumour o f  7mm d ia m e te r  was used. In these  e xpe r im en ts  
the s u r f a c e  probes were p laced  between the tumour and membrane as 
shown in F ig u re  3 .14 .  The p o i n t  o f  the s t r a i g h t  need le  probe was 
p o s i t i o n e d  by i n s e r t i n g  a p p r o x im a te l y  2~3mm be low the  tumour as shown.
6 8 ,
Th is  was in the w e l l  v a s c u l a r i s e d  zone below the tumour.  The cu rved 
probe was in t r o d u c e d  under the  s k in  about  1 cm f rom the  tumour ( i n  
t h i s  way need le  probes were I n s u l a t e d  by the  a n i m a l ' s  sk in  and f u r  
f rom the edge o f  the h e a t e r ) .  The p o i n t  o f  the  cu rved  probe was 
p laced  in d i f f e r e n t  p o s i t i o n s  in d i f f e r e n t  e xp e r im e n ts .  In a l l  
expe r im en ts  tem pera tu re  re a d in g s  were taken when i n t r a - t u m o u r  
tem pera tu re  had e q u i l i b r a t e d  w i t h  the s u r fa c e  tem pera tu re  ( i . e .  in 
a p p ro x im a te ly  2 m in u t e s ) .
As a p r e l i m i n a r y  s tudy  tem pe ra tu res  were measured in unheated tumours,  
us in g  the cu rved  p robe ,  o v e r  a p e r i o d  o f  30 m inu tes  w i t h  and w i t h o u t  
c o l l a r s .  Animals  were he ld  in the j i g  d u r i n g  measurements.  S i m i l a r  
measurements were made in l i g a t u r e d  tumours (see F ig u re  4 . 7 ) .
The unheated i n t r a - t u m o u r  te m p e ra tu re  v a r i e d  between m ice ,  as i s  shown 
in Tab le  3 .1 ,  and was r e l a t e d  t o  the  tumour s i z e  (P < 0 .0 0 1 ) ,  b u t  no t  
t o  co re  te m p e ra tu re .  N o rm a l l y  a l a r g e  tumour had a low i n t r a - t u m o u r  
t e m p e ra tu r e .
I n t r a - t u m o u r  tem pe ra tu res  In unheated tumours suppo r ted  ( w i t h  c o l l a r s )  
o r  unsupported  f l u c t u a t e d  b u t  f e l l  g r a d u a l l y  by 1-2*C over 30 m in u te s ;
when the  tumour was l i g a t u r e d  the  te m p e ra tu re  f e l l  by 
a p p ro x im a te l y  3"4°C in 5“ 7 m in u tes  then f e l l  by a f u r t h e r  1-2°C over  
the 30 minu tes  (see Tab les  3 .2  and 3 . 3 ) .
3, 2. 6,2,1 No collar -  heated tumour
To check whether the  s u r f a c e  t e m p e ra tu r e ,  as measured by the probe 
in s e r t e d  between the  h e a te r  membrane and the  tumour,  was re c o rd in g  
tumour s u r fa c e  te m pe ra tu re  the cu rved  probe  was i n s e r t e d  w i t h  the p o i n t  
j u s t  under the  s u r f a c e  o f  the  s k i n .  Temperatures  were recorded
6 9 .
s i m u l t a n e o u s l y  on t h i s  probe  and on the  s u r f a c e  probe .
Tab le  3-4 shows s u r f a c e  te m p e r a tu r e ,  as measured by a s u r f a c e  probe 
and by a need le  probe in the  s k i n ,  j u s t  below the  s k in  s u r f a c e ,  to  
be ve ry  s i m i l a r .  The mean d i f f e r e n c e  o f  0.07°C i s  w i t h i n  the e r r o r s  
o f  measurement.
To measure therm al  g r a d i e n t s  w i t h i n  the  tumour two methods were adop te d .  
In the f i r s t  method ,  the  cu rved  probe was p o s i t i o n e d  a p p r o x im a t e l y  4mm 
from the  tumour s u r f a c e ,  and the  te m p e ra tu re  measured by t h i s  p robe  
was compared w i t h  the  s u r f a c e  te m pe ra tu re  (see T ab le  3 . 5 ) .  The 
second measure o f  thermal  g r a d i e n t  was made by c a r e f u l  p o s i t i o n i n g  
o f  the  cu rve d  probe  2mm below the  tumour s u r f a c e .  A f t e r  a l l o w i n g  t im e  
f o r  t e m p e ra tu re  e q u i l i b r a t i o n ,  a p p r o x im a te l y  2 m i n u t e s ,  the  ne e d le  was 
r e t r a c t e d  4mm, and a second te m p e ra tu re  re ad in g  taken (see T a b le  3 . 6 ) .
R e s u l t s  show t h a t  t h e r e  was a therm al  g r a d i e n t  o f  a p p r o x im a t e l y  0 . 1 °C /  
mm tumour t i s s u e .  In th e  second method o f  measur ing  t h i s  the  g r a d i e n t  
appeared s l i g h t l y  h i g h e r  (see 3 . 3 . 1 ) .
To measure the  t e m p e ra tu r e  in  the  w e l l  v a s c u l a r i s e d  zone below the  
tumour a t  d i f f e r e n t  s u r f a c e  tumour tem pera tu res  the  s t r a i g h t  nee d le  
probe was i n s e r t e d  as d e s c r i b e d .  Temperatures  were reco rded  
s im u l t a n e o u s l y  on t h i s  p robe  and on the  s u r f a c e  p robe .  T ab le  3 .7  
shows t h a t  th e  mean d i f f e r e n c e  between a p p l i e d  t e m p e ra tu r e  and t h a t  
measured in  the  w e l l  v a s c u l a r i s e d  zone a t  abou t  2mm below the  tumour 
was a p p r o x im a t e l y  3°C.
Expe r imen ts  t o  i n v e s t i g a t e  therm al  g r a d i e n t s  in o cc lu d e d  tumours were
per fo rm ed by p l a c i n g  the  cu rved  probe in the  c e n t r e  o f  the  tumour
then l i g a t u r i n g  the tumour.  Care had t o  be taken no t  t o  move the  n eed le
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F ig u re  3.15
Tempera tu re  g r a d i e n t s  w i t h i n  a l i g a t u r e d  tumour.
» s u r f a c e  te m p e ra tu r e ,  i n t r a - t u m o u r  te m p e ra tu r e ,  
m r e c t a l  tem pera tu re
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w h i l e  l i g a t u r i n g  the  tumour.
Table  3 .8  shows t h a t  the  te m p e ra tu re  w i t h i n  a l i g a t u r e d  tumour was 
s i m i l a r  t o  the a p p l i e d  t e m p e ra tu r e .  F ig u re  3.15 shows tem pera tu re  
measurements w i t h i n  a l i g a t u r e d  tumour d u r in g  heat  a p p l i c a t i o n .  The 
thermal  g r a d i e n t  was 0.05°C/4mm t i s s u e .  The tem pe ra tu re  in the tumour 
d id  n o t  f a l l  im m ed ia te ly  the  l i g a t u r e  was re le ased  b u t  f e l l  g r a d u a l l y  
t o  a p p r o x im a te l y  0.3°C be low s u r f a c e  tem pe ra tu re .
3 . 2 . 6 . 2 , 2  . W tth  c o l l a r
Three e xp e r im en ts  were c a r r i e d  o u t  t o  i n v e s t i g a t e  the  advantage o f  
us in g  c o l l a r s  round an imal  tumours .
Temperatu res were measured o v e r  the  tumour s u r f a c e  as was done w i t h  
the  phantom ' t u m o u r '  w i t h  and w i t h o u t  a c o l l a r .
When the  c o l l a r  was used v a r i a t i o n  in  te m pe ra tu re  over  the  whole  tumour 
s u r f a c e  was ± 0 . 0 5 “ C.
To measure the  the rm a l  g r a d i e n t s  w i t h i n  a tumour w i t h  a c o l l a r  on ,  a 
cu rved  need le  probe  was p o s i t i o n e d  a p p r o x im a te l y  4mm from the  tumour 
s u r f a c e .  The c o l l a r  was then p la ced  round the  tumour base and the  
tem pe ra tu re  measured on the  probe was compared w i t h  the  s u r f a c e  
tem p e ra tu re .
Table  3-9 shows t h a t  the the rm a l  g r a d i e n t  was a p p r o x im a te l y  0 .0 4 ° C /  
mm t i s s u e  -  t h i s  compares f a v o u r a b l y  w i t h  when t h e r e  was no c o l l a r  
(Tab les  3 .5  and 3 . 6 ) ,  and i n d i c a t e s  t h a t  use o f  c o l l a r s  gave a 
tem pe ra tu re  g r a d i e n t  n e a r l y  as good as t h a t  o b t a in e d  when l i g a t u r i n g  
tumour (Tab le  3 . 8 ) ,  i . e .  O.O/f- ve rsus  0.01°C/mm t i s s u e .
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To measure the te m pe ra tu re  in  the w e l l  v a s c u l a r i s e d  zone below the 
tumour a s t r a i g h t  need le  probe was p la ced  below the  c o l l a r .
Tab le  3.10 shows t h a t  the  te m p e ra tu re  d i f f e r e n t i a l  between a p p l i e d  
tem pe ra tu re  and t h a t  in  the w e l l  v a s c u l a r i s e d  area below the tumour 
was a p p r o x im a te l y  1.6°C.  T h is  area was be ing  heated more 
e f f i c i e n t l y  when the  c o l l a r  was in p o s i t i o n  than w i t h  no c o l l a r  
(Tab le  3 . 7 ) .
3 . 2 . 7  An'im at R e c ta l Tem péra tu re
3 .2 .  7.1 L a b o ra to ry  c o n d it- io n s
Rectal  t em pe ra tu re  was used as a measure o f  c o re  te m p e ra tu re .  I t  was 
m o n i to re d  in a l l  e x p e r im e n ts .
To f i n d  the  normal te m p e ra tu r e  o f  mice under  l a b o r a t o r y  c o n d i t i o n s  
(ambient  t e m p e ra tu re  22 ± 1°C) the  r e c t a l  te m p e ra tu re s  o f  10 mice were 
measured a t  h o u r l y  i n t e r v a l s  ove r  an 8 hour p e r i o d .
R e s u l t s  a re  shown in  F i g u r e  3 .16 .  The mean te m p e ra tu r e  was 37.2  ± 
0.7°C and v a r i a t i o n  in  t e m pe ra tu re  in one mouse o ve r  an 8 hour p e r io d  
was found t o  be as much as 2 .3 °C .  Because t h e r e  appeared t o  be a 
c y c l i c a l  p a t t e r n  in the  r e c t a l  tem pe ra tu res  o v e r  the  8 hour p e r i o d ,  
a l l  h y p e r th e rm ia  e x p e r im e n ts  were conduc ted  a t  the  same t im e  o f  day 
to  avo id  any p o s s i b l e  c o m p l i c a t i o n s  a r i s i n g  f rom  t h i s .
To f i n d  i f  c o n s t r a i n i n g  mice in the  j i g  a f f e c t e d  c o re  te m p e ra tu r e ,  
r e c t a l  tem pe ra tu re s  were measured in mice c o n s t r a i n e d  in j i g s  f o r  
30 m in u te s .
The r e c t a l  te m p e ra tu re s  o f  mice c o n s t r a i n e d  in  the  j i g  f e l l  g r a d u a l l y  
over a p e r i o d  o f  30 m inu tes  to  a p p r o x im a te l y  0 .4 °C below normal (see
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Tab le s  3 .2  and 3 *3 ) .
3 .2 .  7-2 Durznq tre a tm e n t
The r e c t a l  tem pe ra tu res  o f  a l l  mice g ive n  lo c a l  h y p e r th e rm ia  were 
measured d u r i n g  t r e a tm e n t .  The f i r s t  30 mice t r e a t e d  were kep t  in 
the j i g  f o r  p e r io d s  o f  up to  1 hour  a f t e r  t r e a tm e n t  was comple ted in 
o r d e r  t o  observe  r e c t a l  t e m p e ra tu r e s .  The tem pe ra tu re s  were r o u t i n e l y  
taken d a i l y  f o r  3 days a f t e r  t r e a t m e n t .
The r e c t a l  tem pe ra tu re  ro se ,  a f t e r  hea t  had been a p p l i e d ,  by
a p p r o x im a t e l y  l'*C over  a p e r i o d  o f  5“ 10 m in u te s .  I t  then f e l l  g r a d u a l l y
to  a p p r o x im a te l y  0.5°C above normal and remained a t  t h a t  tem pera tu re
u n t i l  about  20 m in u tes  a f t e r  t r e a tm e n t  had been comple ted  (F ig u re  3 .1 7 ) .
The r e c t a l  tem pe ra tu res  o f  10 mice g ive n  l o c a l  h y p e r t h e r m ia  t r e a t m e n t ,  
where the  t a l l  o f  the  animal  was i n s u l a t e d  by w rapp ing  w i t h  c o t t o n  
w o o l ,  were taken d u r i n g  t r e a tm e n t  and f o r  1 hour a f t e r  t r e a tm e n t .
Where the  t a i l  was I n s u l a t e d  d u r i n g  t re a tm e n t  t h e  tem pe ra tu re  rose to  
a p p ro x im a te l y  2.25*C above normal and remained a t  t h a t  l e v e l  d u r i n g  the  
p e r io d  o f  t r e a t m e n t ^ u n t l l  abou t  40 m inu tes  a f t e r  t r e a tm e n t  had been 
comp le ted .
3. 3 D i scuss ion
3 . 3 . 7  Tumour T em pera tu re  G rad-ien ts
S . 3 , 2 . 1  Phantom
A l th o u g h  phantoms have been o f  use in p r e l i m i n a r y  t e s t i n g  o f  equ ipment 
phantom e x pe r im e n ts  a re  o f  l i m i t e d  v a lu e  s in c e  they g i v e  no i n f o r m a t i o n  
about  the  s i t u a t i o n  where t h e re  i s  b lood  f l o w ,  wh ich  has a ma jo r  
e f f e c t  on m o d i f y i n g  tem pe ra tu re  d i s t r i b u t i o n s  ( P a t t e r s o n  and S t ra n g ,  1979)
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A ls o  a l t h o u g h  the phantom had s i m i l a r  thermal  c o n d u c t i v i t y  to  
musc le ,  and as such was u s e fu l  t o  t e s t  thermal  d i s t r i b u t i o n s  when heat  
was a p p l i e d ,  lo ss  o f  hea t  by c o n d u c t i o n  f rom the heated ' tumour*  to  
the 'b o d y '  o f  the  phantom must  have been g r e a t e r  than f rom a heated 
animal  tumour t o  the  animal  body wh ich  would be a t  a h ig h e r  te m p e ra tu re  
than the phantom. An a t t e m p t  t o  compensate f o r  t h i s  by p u t t i n g  e x t r a  
i n s u l a t i o n  round the  phantom lessened the  tem pe ra tu re  g r a d i e n t .  The 
i n f o r m a t i o n  g a ined  f rom t h i s  e xp e r im en t  t o  i n v e s t i g a t e  thermal  
d i s t r i b u t i o n s  in hea ted tumours w i t h  and w i t h o u t  c o l l a r s  showed t h a t  
the c o l l a r  d id  improve the  te m pe ra tu re  d i s t r i b u t i o n  in the  ' t u m o u r ' .
No e v a l u a t i o n  o f  the  degree o f  improvement c o u ld  be made.
3.3.1.2 Animal
The thermal  g r a d i e n t s ,  as quo ted  in  Tables 3-4  -  3 .8 ,  were as f a r  as 
p o s s i b l e  g r a d i e n t s  a lo ng  the  d i r e c t i o n  o f  g r e a t e s t  therm al  change,  
namely f rom the  to p  o f  t h e  tumour t o  i t s  base.  G ra d ie n t s  may be 
a f f e c t e d  by the  methods o f  measur ing  te m p e ra tu re  and by the  p o s i t i o n i n g  
o f  the p ro bes ,  so g r e a t  c a re  was a lways taken in p l a c i n g  them. No 
more an ima ls  were used than  was s t r i c t l y  necessa ry  s in c e  an e lement  
o f  s t r e s s  may have been i n h e r e n t  in  the  e x p e r im e n ta l  p ro ce d u re .  I t  i s  
f o r  t h i s  reason t h a t  a l l  p r e l i m i n a r y  t e s t i n g  o f  equ ipment  and 
i n v e s t i g a t i o n  o f  the rm a l  g r a d i e n t s  were c a r r i e d  o u t  u s in g  a phantom.
In measur ing  tumour t e m p e ra tu re  g r a d i e n t s  g r e a t  ca re  was taken to  
m in im is e  d i s r u p t i o n  o f  t i s s u e s ,  s in c e  t h i s  wou ld  have r e s u l t e d  in changes 
in b lood  f l o w  a f f e c t i n g  te m p e ra tu re  d i s t r i b u t i o n .  The need le  probes 
were the  f i n e s t  t h a t  c o u ld  be used c o n s i d e r i n g  the  n a tu r e  o f  the s i t e  
and the f a c t  t h a t  they  had t o  be cu rve d .
To i n v e s t i g a t e  w he the r  s u r f a c e  probes d id  measure s k in  tem pe ra tu re
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r a t h e r  than h e a te r  t e m p e r a t u r e , measurements o f  tem pera tu re  were 
recorded  f rom a n ee d le  probe  p o s i t i o n e d  in the  s k in  (Tab le  3 . 9 ) .  T h is  
was found to  be 0.07°C be low s u r f a c e  te m p e ra tu re .  As the s k in  o ve r  
the  tumour is v e ry  w e l l  v a s c u l a r i s e d  ( A b d e la a l ,  1979) t h i s  c o u ld  be 
r e s p o n s ib le  f o r  the  v e ry  s l i g h t l y  lower te m p e ra tu re .  The d i f f e r e n c e  
was so smal l  t h a t  i t  was conc lude d  t h a t  the  s u r f a c e  probe d id  p r o v id e  
a measure o f  s k in  s u r f a c e  te m p e ra tu r e .  The r e s u l t  a l s o  i n d i c a t e s  t h a t  
tem pe ra tu re  measured on the  s k in  ( s u r f a c e )  can be used as e q u i v a l e n t  
o f  tem pe ra tu re  j u s t  under the  s k in  s u r f a c e  -  i . e .  the  probe does n o t  
appear t o  hea t  s e l e c t i v e l y  because I t  i s  in c o n t a c t  w i t h  the  heated 
membrane.
Temperatures  measured by s u r f a c e  probes over  the  tumour s u r f a c e ,  w i t h  
and w i t h o u t  c o l l a r s  round the  tum ou rs ,  showed t h a t  the c o l l a r  improved 
the le v e l  o f  hea t  d e l i v e r e d  t o  the  tumour p e r i p h e r y  -  the  tumour be ing  
even ly  heated o v e r  t h e  who le  s u r f a c e  area when the  c o l l a r  was on.
When the  i n t r a - t u m o u r  t e m p e ra tu r e  g r a d i e n t  was be ing  measured u s in g  
the  two methods d e s c r ib e d  ( 3. 2, 6) t he  g r a d i e n t  was found to  be 
0.35°C/4mm t i s s u e  and 0.45°C/4mm t i s s u e  by the  f i r s t  and second method 
r e s p e c t i v e l y .  S ince no c o l l a r  was used in these  e xpe r im en ts  the 
s l i g h t l y  l a r g e r  g r a d i e n t  in  the  lower p a r t  o f  the  tumour (0.45°C/4mm) 
c o u ld  have been e x p e c te d .  T h i s  t e c h n iq u e  o f  measur ing  thermal  g r a d i e n t  
by p o s i t i o n i n g  a probe then w i t h d r a w i n g  i t  a f i x e d  d i s t a n c e  to  make
c o m p a ra t ive  re a d in g s  has been used a l s o  by G ibbs ,  Peck and
D e th le fs e n  ( I 98I ) .  They measured te m p e ra tu re  d i s t r i b u t i o n s  in a C3H
tumour s i t u a t e d  on the f l a n k  and hea ted by a w a t e r b a t h ,  and found
tem pe ra tu re  d i s t r i b u t i o n s  s i m i l a r  t o  those  in  the  p re s e n t  s tudy when 
the c o l l a r  was used - i . e .  0 . l 6 “ C/4mm t i s s u e  (Tab le  3 . 8 ) .  The r e s u l t
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is  i n t e r e s t i n g  s in c e  Gibbs e t  a l  used one o f  the  techn iques  evo lved  
in the p re s en t  s t u d y .  A ' c l i p ' ,  wh ich  i s  a v e r s i o n  o f  the c o l l a r ,  
was used to  h o ld  the  tumour o u t  f rom the  body.  The ' c l i p '  however 
does not  a c t  as a c o n d u c to r  o f  hea t  t o  the  tumour base.  Th is  may n o t  
be necessary  w i t h  w a te r b a th  h e a t i n g ,  bu t  the  des ign  does n e c e s s i t a t e  
h e a t in g  a l a r g e r  a rea  o f  s k in  round the  tumour ( a l s o  an im a ls  re q u i r e d  
to  be a n a e s th e t i s e d  in t h i s  s t u d y ) .  I t  seems p o s s i b l e  t h a t  t h e ' c l  i p '  
m ig h t  o cc lu d e  the  b lood  su pp ly  t o  the  tumour more than the c o l l a r ,  
however Gibbs e t  a l  measured r a t e  o f  Xenon-133 c le a r a n c e  when u s ing  
the ' c l i p '  and f rom t h i s  s t a t e d  t h a t  the  ' c l i p '  d id  n o t  s i g n i f i c a n t l y  
im p a i r  p e r f u s i o n  o f  the  tumour.  The r a t e  o f  Xenon c le a ra n c e  was 
s i m i l a r l y  measured in th e  p r e s e n t  s t u d y ,  however the  tec h n iq ue  was 
n o t  pursued s in c e  i t  was found t o  be d i f f i c u l t  t o  d i f f e r e n t i a t e  
between t r u e  tumour c l e a r a n c e  and c le a ra n c e  th roug h  the  need le  ho le  
made on i n j e c t i n g  the  Xenon. Rate o f  Xenon c le a r a n c e  has n o t  a lways 
been found t o  be a r e l i a b l e  measure o f  tumour b lo od  f l o w  ( S t ra n g ,  
pers .comm .) .
There were s e v e ra l  o t h e r  e xp e r im en ts  however t h a t  d id  suggest  s t r o n g l y  
t h a t  the  c o l l a r  d i d  n o t  im p a i r  the  b lood  su pp ly  t o  the  tumour.  When 
the  c o l l a r  was used,  the  measured te m p e ra tu re  in  the  w e l l  v a s c u l a r i s e d  
a rea  below the  tumour was h i g h e r  than when no c o l l a r  was used (Tab les 
3.10 and 3 . 7 ) .  T h i s  does suggest  t h a t  heated  b lo od  was c i r c u l a t i n g  
to  and f rom the  tumour.  T h i s  r e s u l t  is c o n s i s t e n t  w i t h  h i s t o l o g i c a l  
s tud  ies (see 2. 3. 1) .
F u r t h e r  e v id en ce  t o  s u p p o r t  t h i s  comes f rom the  f a c t  t h a t  when h e a t in g  
tumours su pp o r ted  by the  c o l l a r ,  the thermal  g r a d i e n t  o f  0 . l6°C/4mm 
t i s s u e  (Tab le  3 .9 )  was more than when the tumour was l i g a t u r e d ,  in wh ich
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case the i n t r a - t u m o u r  t e m p e ra tu re  was found to  be ( w i t h i n  the e r r o r s  
o f  measurement) the same as the  s u r f a c e  tem pe ra tu re  (Tab le  3 - 8 ) .  T h is
im p l i e s  t h a t  the  c o l l a r  d i d  n o t  o c c lu d e  the  tumour b lood  f l o w .  The
g r a d i e n t  o f  0 . l6°C/4mm is  less  than t h a t  found when no c o l l a r  was used 
( a p p r o x im a te l y  0.4°C/4mm),  T h is  however would have been expected 
f rom the r e s u l t s  o f  phantom and o t h e r  e xpe r im en ts  wh ich  showed t h a t  
the c o l l a r  gave more even s u r f a c e  tem pe ra tu re  and d id  Improve 
d i s t r i b u t i o n s  w i t h i n  the  tumour so these  r e s u l t s  do no t  c o n f l i c t  w i t h  
the ev id ence  f o r  b lood  f l o w  t o  and f rom the  tumour.
Perhaps the  most c o n v i n c i n g  d e m o n s t ra t i o n  t h a t  the  c o l l a r  d id  not
r e s t r i c t  tumour b lood  f l o w ,  comes f rom the  f a c t  t h a t  the  i n t r a - t u m o u r  
tem pe ra tu re  in u n t r e a te d  mice h e ld  in  the  j i g  f o r  p e r io d s  o f  30 
minu tes  were found t o  be s i m i l a r  w he the r  c o l l a r s  were worn o r  n o t .
The tem pe ra tu re  f e l l  in  b o th  cases by a p p r o x im a te l y  1°C over  a p e r io d  
o f  30 m in u te s ,  whereas in l i g a t u r e d  tumours i t  f e l l  r a p i d l y  d u r in g  the  
f i r s t  5 m inu tes  by a p p r o x im a t e l y  3' C^ then f e l l  more s lo w ly  u n t i l  i t  
l e v e l l e d  ou t  a t  a p p r o x im a t e l y  2°C above room te m pe ra tu re  (see Tables
3 .2  and 3 . 3 ) .  T h is  sugges ted  t h a t  the  l i g a t u r e  d i d  no t  e n t i r e l y  
r e s t r i c t  b lood  f l o w  t h e r e f o r e  the  tumour was n o t  made c o m p le te ly  
hypox ic  by the  l i g a t u r e .
When h e a t in g  l i g a t u r e d  tumours the  i n t r a - t u m o u r  tem p e ra tu re  remained 
s i m i l a r  t o  the  s u r f a c e  te m p e ra tu re  and on removal o f  the  l i g a t u r e  the  
tem pe ra tu re  d id  n o t  f a l l  im m e d ia te l y .  I t  f e l l  g r a d u a l l y  to  the leve l  
found when the  tumour was n o t  l i g a t u r e d  presumab ly  as the  b lood  began 
to  c i r c u l a t e  ( F i g u r e  3 - 1 5 ) .
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3. 3 .1 . 3 E v a lu a t io n  o f  c o l l a r
The c o l l a r  changed th e  geom etry o f  th e  tum our so t h a t  hea t was a p p l ie d  
to  a volume o f  t i s s u e  as near to  s p h e r ic a l  as co u ld  be o b ta in e d .
T h is  was th e  shape advoca ted  by S tra n g  and P a t te rs o n  C198G) [see
1 . 3 . 2 ) .
No c la im  i s  made t h a t  th e  c o l l a r  caused no c o n s t r i c t i o n  o f  th e  tum our 
b lood  f lo w ,  bu t as a p p r o p r ia te  c o l l a r s  were matched t o  tum our s iz e  
e t c . ,  th e  degree o f  c o n s t r i c t i o n  must have been m in im a l .
A f u r t h e r  advantage  in  u s in g  th e  c o l l a r  was t h a t  re c u r re n c e  i n i t i a l l y  
was found  to  ta k e  p la c e  j u s t  o u ts id e  th e  heated a re a .  On h i s t o l o g i c a l  
e x a m in a t io n  t h i s  was o f t e n  shown to  have o r ig in a t e d  a t  th e  s i t e  o f  
i n j e c t i o n  f ro m  a s m a l l  s a t e l l i t e  tum our. The te c h n iq u e  o f  subcutaneous 
i n j e c t i o n  was im proved by u s in g  a v e ry  s h o r t  n ee d le ,  and by swabbing 
th e  c l ip p e d  s k in  a t  th e  i n j e c t i o n  s i t e  w i t h  a lc o h o l ,  as has been
I
d e s c r ib e d .  The tum ours p roduced, t o g e th e r  w i t h  any s a t e l l i t e s ,  were 
then  in c lu d e d  in  th e  heated volume when a c o l l a r  was i n  p o s i t i o n .
The use o f  c o l l a r s  was t h e r e f o r e  c o n s id e re d  to  be a more a c c e p ta b le  
compromise tha n  th e  use o f  a n a e s th e t ic s ,  th e  im m ers ion  o f  la rg e  areas 
round tum ours in  w a te rb a th s  o r  th e  use o f  o th e r  more s o p h is t i c a te d  
methods o f  h e a t in g  s m a l l  subcu taneous tum ours ,
3 .3 .2  A n im a l R e c ta l T em pera tu re
That th e  r e c t a l  te m p e ra tu re  f i r s t  rose  to  1°C above normal the n  f e l l  
by G.5°C sugges ts  t h a t  m ice can r e g u la te  t h e i r  body te m p e ra tu re  u n le s s  
to o  la r g e  an a rea  i s  heated Ccf when tum ours on m ice  t h ig h s  were 
heated ^ Robinson e t  a l ,  1975 ),  A r i s e  o f  G,5°C i n  te m p e ra tu re  i s  
s m a ll  when i t  i s  seen [ 3 , 2 . 7 )  t h a t  th e  te m p e ra tu re  o f  a mouse can
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f l u c t u a t e  by as much as 2~3°C o v e r  a day. Thus the smal l  r i s e  in 
tem pe ra tu re  p ro b a b ly  i n d i c a t e d  no m a jo r  sys tem ic  e f f e c t .  That  
the t a i l  i s  w e l l  v a s c u l a r i s e d  and a c t s  as a tem pera tu re  r e g u l a t o r  
in mice has been dem ons t ra ted  by Hornsey,  Myers and Andreozz i  (1977) .  
T h is  was c o n f i rm e d  here i n  e x p e r im e n ts  where the t a i l  was i n s u l a t e d  
d u r in g  t r e a t m e n t .  Thus the  e x p e r im e n ta l  techn iq ue  used in  t h i s  s tudy  
does n o t  m a t e r i a l l y  r a i s e  the  a n i m a l ' s  co re  te m p e ra tu re .  There is  
ev id ence  t h a t  s t r e s s  lowers  te m p e ra tu re  in mice (She ldon ,  H i l l  and 
M ou lde r ,  1977).  T h i s  d id  n o t  o c c u r  when an ima ls  were t r e a t e d  
t h e r e f o r e  t h e r e  i s  no e v id e n ce  to  suggest  t h a t  mice t r e a t e d  us in g  the 
techn iq ues  d e s c r ib e d  were s t r e s s e d .
2 . 3 . 3  E v a lu a t io n  o f  Techn ique  Compared W ith  O th e r Systems
The te ch n iq u e  used i s  v e r y  s im p le  y e t  i t  gave as good thermal  g r a d i e n t s  
w i t h  smal l  animal  tumours as many more s o p h i s t i c a t e d  systems (see
1. 3. 2) .  Tab le  3.11 summarises some o f  the  tech n iq ue s  used in  l o c a l i s e d  
h e a t in g  in s t u d i e s  where the  tem pe ra tu re  g r a d i e n t s  ac ross  the  tumours 
were quo ted .  Some assessment o f  the  te c h n iq ue s  a re  g iven  under 
' Comment' .
Microwave h e a t in g  t e c h n iq u e  em p loy ing  a l i q u i d  ‘ b o l u s '  s u r ro u n d in g  
the  tumour ,  as has been r e p o r t e d  by Robinson e t  a l  (1978) , g ive s  
s i m i l a r  though s l i g h t l y  le s s  good thermal  p r o f i l e s  t o  those o b ta in e d  
in t h i s  s t u d y .  The systems a re  however n e a r l y  e q u i v a l e n t ,  because 
once the  b o lus  reaches the  t a r g e t  t em pe ra tu re  i t  a c t s  as a thermal  
r e s e r v o i r  s i m i l a r  t o  the  h e a te r  in  the  p re sen t  s tudy  -  y e t  us in g  a much 
more c o m p l i c a te d  system t o  o b t a i n  t h i s .  Robinson e t  a l  do n o t  d i s c u s s  
whether o r  n o t  an a n a e s t h e t i c  was used. Mendeck i ,  F r i e n d e n th a l  and 
B o t s t e i n  (1976) t r e a t e d  t r a n s p l a n t e d  mammary tumours in  C3H mice and
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ach ieved  t re a tm e n t  t em pe ra tu res  w i t h i n  90 seconds - the c e n t r e  o f  
the 6mm tumour be ing 0.2°C h ig h e r  than the s u r f a c e .  T h is  g r a d i e n t ,  
in r e v e r s e ,  i s  s i m i l a r  t o  t h a t  o b ta in e d  in the p r e s e n t  s t u d y ,  however 
Mendecki e t  a l  found a r i s e  in  c o re  tem pera tu re  o f  more than 
d u r in g  t r e a t m e n t ,  w h i l e  t h e r e  was o n l y  a ve ry  smal l  sys tem ic  r i s e  in 
tem pe ra tu re  in the p r e s e n t  system.
Ra d io f req uen cy  h e a t in g  was used by D ickson ,  Calderwood and J a s ie w ic z  
( 1977) t o  t r e a t  sma l l  r a t  tumours o f  1- 1. 5ml volume on f l a n k  o r  f o o t .  
W i th  these  the  te m p e ra tu re  rose q u i c k l y  to  the  t r e a tm e n t  tem pe ra tu re  
and remained s t a b l e ,  w h i l e  t h e r e  was c o n s i d e r a b l e  s k in  s p a r in g  -  
depending on the  s i z e  o f  the  tum our ,  s k in  t e m p e ra tu r e  was 4-5°C below 
tumour t e m p e ra tu r e .  However normal muscle t i s s u e  w i t h i n  the  heated 
volume was 2-3°C h ig h e r  than the  tumour t e m p e ra tu r e .  Wi th  t h i s  s i z e  
o f  tumour r e c t a l  te m p e ra tu re s  d id  n o t  r i s e  s i g n i f i c a n t l y ,  however when 
l a r g e r  tumours were t r e a t e d  the  r e c t a l  t em pe ra tu res  rose  to  
a p p ro x im a te l y  4 l - 4 2 “ C and a l l  the  r a t s  d i e d .  I t  i s  d i f f i c u l t  t o  
compare these  r e s u l t s  w i t h  those  o f  the  p r e s e n t  s t u d y .  One good 
f e a t u r e  was the  s k i n - s p a r i n g  e f f e c t  o f  the  r a d io f r e q u e n c y  h e a t i n g ,  bu t  
o v e r h e a t i n g  o f  muscle  t i s s u e  w i t h i n  the  heated volume appears t o  be a 
majo r  p rob lem.
Rad io f requency  and w a te r b a t h  h e a t in g  have been compared by Marmor,
Hahn and Hahn (1977) and van D i j k  and Breur (1 979 ) .  Marmor e t  al  
i n v e s t i g a t e d  c e l l  k i l l  a f t e r  t re a tm e n t  o f  mouse tumours in the  
tem pe ra tu re  range 43"44°C and found  i t  t o  be s i m i l a r  a f t e r  b o th  types 
o f  h e a t i n g .  Van D i j k  and B reur  found r a d io f r e q u e n c y  h e a t i n g  t o  be 
more e f f e c t i v e  than w a t e r b a t h ,  a t  the same app a re n t  t e m p e ra tu r e ,  when 
t r e a t i n g  animal  tumours .  T h e i r  poor r e s u l t s  w i t h  w a te r b a th  h e a t in g  
seem s u r p r i s i n g .  No c u re s  were o b ta i n e d  w i t h  an a ppa re n t  tumour
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tem pera tu re  o f  44"  ^ f o r  50 m in u te s .  One m igh t  suspect  t h a t  the 
tem pera tu re  g r a d i e n t  ac ro ss  the  tumour must have been in excess o f  
the quoted 0 .5°C .
The p re s e n t  system appears f rom the  r e s u l t s  shown in Table  3-11 t o  
be p r e f e r a b l e  t o  most w a te r b a th  h e a t i n g  systems, because where a 1 
the rmal  tumour g r a d i e n t  has been o b ta in e d  t h i s  has been a t  the  expense 
o f  immersing l a r g e  a reas  o f  normal t i s s u e  in the  w a te rb a th  g i v i n g  ve ry  
h ig h  c o re  tem pe ra tu res  in the  mice and a l a rg e  amount o f  normal t i s s u e  
damage.
ow
RESULTS OF EXPERIMENTS WITHOUT COLLARS 
(ALL TEMPERATURES IN DEGREES CENTIGRADE)
TABLE 3.1
Tumour D i a m e t e r  I n t r a - T u m o u r  T e m p e r a tu r e  Core T e m p e r a tu r e
8 32.7 37.4
8 32.4 36.9
6 33.4 37.3
6 33.0 36.9
9 31 .8 36.2
7 32.8 36.8
8 32.5 35.9
9 32.1 36.4
TABLE 3 . 2
FALL IN INTRA-TUMOUR TEMPERATURE IN DIFFERENT MICE
OVER A 30 MlINUTE PER lOD - MICE HELD IN JIG
Time 0 5 10 15 20 25 30
Tumour Temperature  
(no c o l l a r ) 32.7 32.3 32.1 32.1 31.9 31 .8 31 .6
Recta l  Temperature 37.4 37.3 37.4 37.2 37.1 37.1 37.1
Tumour Temperature  
(no co l  1a r ) 32 .4 32.2 32.0 32.0 31.7 31.2 31.0
Recta l  Temperature 36.9 36.9 36.7 36.5 36.6 36.5 36.5
Tumour Temperature  
( w l t h  co l  1 a r ) 33.4 33.3 33.2 32.9 32.7 32.5 32.2
Rectal  Temperature 37.3 37.2 37.3 37.1 37.0 36.9 36.8
TABLE 3 .3
FALL IN INTRA-TUMOUR TEMPERATURE IN DIFFERENT MICE 
OVER A 30 MINUTE PERIOD -  MICE HELD IN JIG AND 
AND TUMOUR LIGATURED
Ti me 0 5 10 15 20 25 30
Tumour Temperature 31 .8 29.4 27.2 27.0 26.9 26.4 26.5
Recta 1 Temperatu re 36.8 36.5 36.6 36.6 36,4 36.2 36,3
Tumour Temperature 32.8 29.7 28.5 27.8 27.5 27.3 27.1
Rectal Temperature 36.8 36.7 36.7 36.2 36.4 36.3 36.2
Tumour Temperatu re 32.5 29.7 28.8 27.8 27.5 27.5 27.3
Recta 1 Temperatu re 35.9 35.9 35.7 35.6 35.7 35.3 35.3
TABLE 3 . 4
DIFFERENCE BETWEEN
SKIN
SURFACE TEMPERATURE AND THAT IN THE 
JUST BELOW THE SURFACE
Sur face  Temperature Need 1e Temperature D i f f e r e n c e  Mean
45.5 45.4 0.1
44.9 44.85 0 .05  0.07
44.7 44 .7 0 ±0.04
43.35 43.25 0.1
43.1 43.0 0.1
TABLE 3.5
DIFFERENCE BETWEEN SURFACE TEMPERATURE
FROM SURFACE
AND THAT 4MM
Sur face  Temperatu re Need 1e Temperature D i f f e r e n c e  Mean
45.1 45.0 0.1
45.1 44.7 0 .4
44.8 44.25 0 .55
44.8 44.6 0 .2
44.6 44.0 0 .6
44.5 43 .9 0 .6
44.4 44.1 0 .3
44.35 44.0 0 .35
44.3 44 .2 0.1 0 .35
44.2 44.1 0.1 ±0.12
44.2 43 .9 0 .3
44.1 43.85 0 .25
44.0 43.8 0 .2
43.9 43.4 0 .5
43.8 43.0 0 .5
43.6 43 .3 0 .3
43 .2 42 .9 0 .3
42.7 42.3 0 .4
TABLE 3 . 6
DIFFERENCE IN TEMPERATURE BETWEEN TWO POINTS 4MM 
APART IN TUMOUR
Post ion 1 
(n eed le  t i p  2mm 
below s u r fa c e )
Pos i t  ion 2 
(need le  t i p  6mm 
below s u r f a c e )
D i f f e r e n c e
45.4 44 .9 0 .5
45.0 44.5 0 .5
44.6 44 .2 0 .4
44.2 43.8 0 .4 ±
43.9 43.6 0 .3
43.6 43.0 0.6
42.9 42 .5  
TABLE 3.7
0 .4
DIFFERENCE BETWEEN SURFACE TEMPERATURE AND THAT 
APPROXIMATELY 2/3MM BELOW BASE OF TUMOUR
Sur face  Temperatu re Needle Temperature Di f f e r e n c e Mean
45.9 42.5 3.4
45.5 42.7 2.8
45.0 41 .5 3.5 3.0
44.6 41 .4 3.2 ±0.25
44.0 41 .4 2 .6
43.9 40 .9 3.0
43.2 40 .2 3.0
43.0 39.8  
TABLE 3 .8
3.2
DIFFERENCE BETWEEN SURFACE TEMPERATURE AND THAT AT 
APPROXIMATELY 4MM FROM THE SURFACE*OF A 
LIGATURED TUMOUR
Sur face  Temperature Needle Temperature Di f f e r e n c e Mean
45.2 45.35 +0 .15
44.75 44.8 +0.05 0 .05
44.65 44.75 +0.1 ±0.0 5
43.25 43.25 0
43.0 43.0 0
42.8 42.8 0
Mean
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RESULTS OF EXPERIMENTS USING COLLARS
TABLE 3 .9
DIFFERENCE BETWEEN SURFACE TEMPERATURE AND THAT 
4MM FROM SURFACE OF TUMOUR
Sur face  Temperature Needle Tempera tu re Di f f e r e n c e
45.1 44 .9 0 .2
44.4 44 .3 0.1
44 .2 44.1 0.1
44.1 44.0 0.1
43 .9 43.7 0 .2
43 .8 43.6 0.1
43 .5 43.3 0 .2
43.0 43.0 0 .05
TABLE 3.10
DIFFERENCE BETWEEN SURFACE TEMPERATURE AND THAT 
APPROXIMATELY 2/3MM BELOW BASE OF TUMOUR
Sur face  Temperature Need 1e Temperature Di f f e r e n c e
45.0 43.3 1.7
44.5 42.5 2.0
44 .2 42.3 1.9
43 .9 43 .2 0 .7
43 .8 43.0 0 .8
43 .5 41 .0 2 .5
43.1 41 .5 1.6
42.8 41.5 1.3
Mean
0.16 
± 0.03
1 .6 
± 0.6
TABLE 3 . 1 1
\u th o r
Heat i ng 
TechnI que
Pos i t  ion 
o f  Tumour
Temperature D i s t r i b u t i o n  
Across Tumour (°C)_______ Commen t
r h r a l 1 e t  al  
(1973)
Robinson e t  al
(1975)
Cetas e t  a l
(1977)
Bleehen e t  ai
(1977)
H1 1 1 and 
Denekamp
(1978)
H î 11 e t  al
(1979)
Robinson e t  al
(1978)
Hendèckî e t  a l
(1976)
Dickson e t  a l
(1977)
Marmor e t  a l
(1977)
Van D i j k  and
Breur
(1979)
Walker  
( t h i s  study)
wb
wb
wb
wb
wb
wb
wb
wb
wb
uW
uW
RF
RF
RF
RF
wb
dry heat  
(conduct ion)
dry heat 
(conduct Ion)
mouse leg (a )
mouse th ig h  (a )
mouse th ig h  (a )  
mouse th ig h  (a )
mouse leg (a )
mouse v e n t r a l  
th o rax  (a )
mouse v e n t r a l  
th o rax  (a )
d i f f e r e n t  sub­
cutaneous tumours
mouse leg
mouse leg
C3 H tumour -  
v a r io u s  s i t e s  (a )
r a t  fo o t  (a )
r a t  leg  (a )
mouse f l a n k  (a )
leg and back 
mice (7a)
leg and back 
mice (7a)
mouse back (Na) 
mouse back (Na)
0 .4
ap prox im ate ly  1
ap prox im ate ly  0 . 5
0 . 3
0  -  0 . 1
1 . 0  -  1 . 7
> 1 . 0
0 .4
0 . 2
2  -  3
< 0.5
not quoted
0.5
0 . 1 6
leg  immersed, o n ly  one probe 
used. Recta l tem pera ture  not  
measured.
temperature g r a d ie n t  measured w ith  
> 1  p ro b e .S u r fa c e  o f  tumour immersed
whole leg immersed. Core temperature  
rose to = tumour te m p era tu re .  Only 
upper su rface  o f  tumour h eated .
tem pera ture  g r a d ie n t  measured  
w i t h  > 1 probe (probes  
i n s u la te d  from wb. D iam eter  o f  
probes 0 . 8 mm -  la rg e  i f  > 2  
u s e d ) ,  le g  immersed. R ec ta l  
tem pera ture  rose to  39“C.
o n ly  1 In t ra - tu m o u r  tem p era ture  
probe. Upper s u rface  o f  tumour 
o n ly  heated ,
tumour occluded .
c o ld  spots a d ja c e n t  to  muscle  
( 1  p ro b e ) .
la rg e  tem pera ture  g r a d ie n t  near  
major blood ve s s e ls  and near bone.
tumour heated in l i q u i d  bo lus .
c e n tre  o f  tumour h o t t e r .  Core 
tem pera ture  rose by 5“C.
sk in  5° lower than IT 
te m p era tu re .  > 1 probe used.
1 0 0 % cure r a t e .
muscle 2 - 3 “ h ighe r  than tumour. 
R ecta l tem perature  rose to  
> 42° -  r a ts  d ie d .
un iform  tem pera ture  
d i s t r i b u t i o n  in tumour and no 
systemic hy per th erm ia .
RF gave IT tem p era ture  o f  44°
( 5 0 % cu re  r a t e ) .
s u r face  tem pera ture  o f  4 4 .5 °
(no c u r e s ) .
probes used to check g r a d ie n t  
a t  d i f f e r e n t  p o in ts  in tumour.
tumour occluded
wb -  w a t e r b a th ,  pW 
IT » in t r a - tu m o u r .
microwave, RF ra d io f r e q u e n c y ,  a = a n a e s th e t ic  used, Na -  no a n a e s th e t ic  used,
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4.0 REGRESSION, RECURRENCE AND CURE
4.1 i n t  r o d u c t  i on
A t t e n t i o n  îs i n c r e a s i n g l y  b e in g  focussed  on methods o f  d e t e r m in in g  
the number o f  c e l l s  a l l o w e d  t o  remain in  s i t u  a f t e r  the rapy  -  
s ince  t h i s  co r resp on ds  to  the c l i n i c a l  s i t u a t i o n  o f  human cancer 
t r e a tm e n t  by any m o d a l i t y .  A l s o  because in  v iv o  ~ in  v i t r o  e s t i m a te s  
o f  s u r v i v a l  a re  n o t  a lways comparab le  (Denekamp, 1980; Wheldon,  1980) 
o t h e r  methods o f  e s t i m a t i n g  tumour response a re  necessa ry .  Three 
methods can be used.
4 . 1 . 1  R e g re ss io n  P a t te rn s
A f t e r  t r e a tm e n t  o f  tumours by ( n o n - c u r a t i v e )  h y pe r th e rm ia  the  tumour 
may s h r i n k  c o m p le t e l y  because o f  r a p id  removal o f  dead c e l l s  by 
macrophages. T h i s  t e l l s  us o n l y  t h a t  c o m p a r a t i v e l y  few v i a b l e  c e l l s  
rema in ,  bu t  re g ro w th  i s  de te rm ined  by these few c e l l s  and the  
e x p re s s io n  o f  how many v i a b l e  c e l l s  remain is  o n l y  shown by how long 
i t  takes  f o r  the  tumour t o  regrow.  Regress ion p a t t e r n s  t e l l  us o n l y  
about  the  a b i l i t y  o f  the  an imal  t o  remove dead c e l l s .  T h i s  does n o t  
e l i m i n a t e  the  p o s s i b i l i t y  t h a t  knowledge o f  re g re s s io n  p a t t e r n s  may be 
o f  p r o g n o s t i c  v a lu e .  T h i s  has been found to  be the case in 
f r a c t i o n a t e d  X - ra y  t r e a t m e n t  s in c e  here degree o f  s h r in k a g e  r e f l e c t s  
r e o x y g e n a t io n ,  making tumours more s e n s i t i v e  t o  subsequent  t r e a tm e n ts  
w i t h  X - ra y s  (Denekamp, 1977).
4 . 1 . 2  R egrow th  De la y
Growth or  re g ro w th  d e lay  is  the  d i f f e r e n c e  in t ime taken by t r e a t e d  o r  
u n t r e a te d  tumours to  reach a g ive n  e n d - p o i n t .  In t h i s  s tudy  10mm 
d ia m e te r  has been chosen.  I t  i s  w id e l y  used as an i n d i c a t o r  o f
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e f f e c t i v e n e s s  o f  t h e r a p y .  In some cases a t t e m p ts  have been made to  
r e l a t e  the de lay  t ime to  c l o n o g e n i c  s u r v i v a l  by e x t r a p o l a t i n g  
backwards ( t o  t im e  o f  t r e a t m e n t )  the v i s i b l e  reg row th  c u rv e ,  and 
the o r d i n a t e  is  i n t e r p r e t e d  as a measure o f  the  number o f  s u r v i v i n g  
c lonogens .  T h is  o n l y  a p p l i e s  i f  the f o l l o w i n g  assumpt ions a re  made, 
v i z :
t h e re  is  c le a ra n c e  o f  doomed c e l l s  and d e b r i s  by t ime o f  v i s i b l e  
reg rowth
th e re  i s  r a p id  o ns e t  o f  p r o l i f e r a t i o n  o f  surv iv ing  c lonogens 
t h e r e  is  a f a i r  degree o f  synchrony o f  onse t  o f  p r o l i f e r a t i o n  
between s u r v i v i n g  c lo nogens
the re g row th  p a t t e r n  i s  known (see Wheldon,  1980).
The tech n iq ue  o f  g row th  de lay  is  s im p le  and can be used as a method 
o f  compar ing  the  response  o f  tumours to  d i f f e r e n t  t r e a tm e n ts .  In t h i s  
s tudy  i t  has been used t o  compare the  e f f e c t  o f  X - ra y s  and 
h y p e r th e r m ia .  T h i s ,  however,  makes use o f  the  r e l a t i o n s h i p  between 
de lay  and c e l l  k i l l i n g  and t h e r e  a re  problems in assess ing  c e l l  k i l l  
by t h i s  method because:
i f  too  smal l  an e n d - p o i n t  is  used,  e . g .  j u s t  above the  t r e a tm e n t  
s i z e ,  t h i s  c o u l d  g i v e  an i n c o r r e c t l y  smal l  d e la y  in a s i t u a t i o n  
where the  c l e a r a n c e  r a t e  is  s low and where t h e re  may be oedema 
i f  too  l a rg e  an e n d - p o i n t  Is used th e re  i s  an a r t e f a c t u a l l y  l a r g e  
de lay  r e l a t e d  t o  normal  t i s s u e  damage, e .g .  a f t e r  X - r a y s .
There is  a s low  s h r in k a g e  a f t e r  t r e a tm e n t  o f  the  C^H tumour w i t h  
X - ra y s  as compared w i t h  a f t e r  h y p e r th e r m ia  so a smal l  e n d - p o i n t  can 
o n ly  be chosen i f  r e g ro w th  occu rs  some t im e  a f t e r  comp le te  s h r in k a g e ,  
wh ich i t  does a t  the  TCD^y le v e l  f o r  bo th  X - ra y s  and h y p e r t h e r m ia ,  hence
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the s u i t a b i l i t y  o f  u s ing  t h i s  le v e l  o f  t r e a tm e n t  f o r  compar ison in 
these s t u d i e s .  The TCDyy le v e l  o f  t r e a tm e n t  is  one wh ich  g iv e s  a 37% 
cu re  l e v e l .  For X - ra y s  i t  i s  d e f i n e d  as a dose o f  X - ra y s ,  and w i t h  
hyp e r th e rm ia  as a p a r t i c u l a r  t i m e / t e m p e r a tu r e  c o m b in a t i o n .
Denekamp (1979)» in a re v ie w  o f  tumour assay sys tems,  l i s t e d  the 
advantages and d is a dv a n ta g es  o f  reg row th  d e la y  as an assay.
Advantages -  c o v e rs  w ide  dose range,  i . e .  can be used a f t e r  sub­
c u r a t i v e  the ra p y
-  f a i r l y  r a p i d  assay (30-50 days) -  in t h i s  s tudy 
20-100 days
-  easy to  p la n  e xp e r im e n ts
-  has c l i n i c a l  re le v an c e
Disadvantages  -  tumours must  be d i s c r e t e ,  a c c e s s i b l e  and measurab le  -
as i s  the  case in t h i s  s tudy
-  canno t  assess p ro lo n g e d  schedu les
The m o d i f i c a t i o n  o f  g ro w th  k i n e t i c s ,  wh ich  occu rs  f o r  tumours 
r e c u r r i n g  a f t e r  s u b - c u r a t i v e  th e ra p y  w i t h  l a rg e  doses o f  r a d i a t i o n ,  has
been re co gn ise d  f o r  many y e a rs  ( H e w i t t  and B la k e ,  1968),  A cco rd ing  t o
Brunton and Wheldon (1980) t h e r e  a re  two d i s t i n c t  models o f  tumour 
response to  a s i n g l e  r a d i a t i o n  dose.  The f i r s t  assumes t h a t  
r e p o p u la t i o n  o ccu rs  a t  a reduced and dose-dependent  r a t e ,  w h i l e  the 
second assumes t h a t  s u r v i v i n g  c e l l s  e x p e r ie n c e  a dose dependent  d e lay  
b e fo re  o n s e t  o f  r e p o p u l a t i o n  a t  the  u n t r e a t e d  r a t e .  The work  o f  
A b d e la a l ,  Wheldon and C la r k e  (1980) and Begg ( I 98O) c o n f i r m s  t h a t  normal 
t i s s u e  damage, i . e .  tumour bed e f f e c t ,  i s  p r i m a r i l y  r e s p o n s ib l e  f o r  
the s lo w in g  o f  deve lopment  o f  tumours i r r a d i a t e d  'ùn vivo. T h i s  
c o n c l u s i o n  i s  a l s o  s u p p o r te d  by the o b s e r v a t i o n  o f  a t  l e a s t  a p a r t i a l
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recovery  o f  g rowth  r a te  as the tumour ex tends  beyond the o r i g i n a l  
i r r a d i a t e d  a rea.  Because o f  the tumour bed e f f e c t  and because the 
r a t e  o f  reg row th  to  a g iv e n  s i z e  a f t e r  t r e a tm e n t  is  u s u a l l y  s lower 
than normal g ro w th ,  a l a r g e  e n d - p o i n t  a t  wh ich  to  assess delay  
i n c o r p o r a te s  an a r t e f a c t u a l  Ty l a r g e r  e r r o r  than a smal l  e n d - p o in t .
The e n d - p o in t  chosen was the  b es t  compromise t a k i n g  a l l  the f a c t o r s  
r e l a t i n g  to  r e g r e s s io n  t ime and reg row th  de la y  i n t o  accoun t .
4 . 1 . 3  L o c a l C o n tro l o r  Cure
Befo re  t h i s  s tudy  began i t  was n o t  known i f  c u re  ( w i t h  a cc e p ta b le  norma 
t i s s u e  damage) wou4d be p o s s i b l e  u s in g  hea t  a lo n e .  T h r a l l ,  G i l l e t t e  
and Bauman (1973) had found  a s i m i l a r  tumour t o  be r e s i s t a n t  t o  heat  
(see Tab le  4 . 6 ) .  Because m e t a s t a t i c  r a t e s  a f t e r  d i f f e r e n t  t r e a tm e n ts  
were be ing  compared i t  was r e a l i s e d  t h a t  the  a n a l y s i s  o f  r e s u l t s  would 
be s im p le r  i f  cu re  by h y p e r t h e r m ia  a lo ne  c o u ld  be e s t a b l i s h e d  as i t  had 
been a f t e r  X - r a y s .  Because m e t a s t a t i c  r a t e  had been l i n k e d  to  cu re  
r a te  (Sheldon e t  a l ,  1974) i t  was hoped t h a t  a dose-dependent  cu re  
r a te  f o r  h y p e r th e rm ia  c o u l d  be fo u n d .  There  a re  severa l  assumpt ions 
t o  be made in a cu re  a n a l y s i s ,  v i z :
the tumour can regrow f rom  a s i n g l e  c e l l  
a s i n g l e  sp ec ies  o f  c l o n o g e n i c  c e l l  dom ina tes  cu re  
cu re  dominating c lonogens  a re  u n i f o r m l y  s e n s i t i v e
the re  is  the same number o f  dominant  c lo n o g e n s ,  i . e .  tumours shou ld  
be a l l  the same volume ( w i t h i n  10%).
These are  the  normal assum pt ion s  made in a cu re  a n a l y s i s  a f t e r  X - ray  
t re a tm e n t  (Wheldon,  1980) and a re  p ro b a b ly  a l s o  a p p l i c a b l e  to  cu re  
a f t e r  h y p e r th e r m ia .  Denekamp (1979) a l s o  compared the advantages and 
d isadvan ta ges  o f  t h i s  assay .
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Advantages - good r e s o l u t i o n
“ seems c l i n i c a l l y  r e l e v a n t  
D isadvantages  - s low (90-180 days) -  up to  100 days in t h i s  s tudy
-  expens ive
- mé tas tasés  may p r e v e n t  i t s  use
- r e s t r i c t e d  to  h ig h  t o t a l  doses.
In t h i s  c h a p te r  reg row th  de lay  has been used as an assay o f  number o f
tumour c e l l s  damaged. T h is  has been compared w i t h  the  expec ted  ' n o r m a l '  
g rowth  r a t e  o f  known numbers o f  tumour c e l l s  i n o c u l a t e d  s u b -c u ta n e o us l y  
as has been d e s c r ib e d  in Chap te r  2 in  o r d e r  t o  g i v e  some e s t im a te  o f
c e l l  damage f o r  d i f f e r e n t  l e v e l s  o f  t r e a t m e n t .
4.2  Methods
4 . 2 . 1  P ro to c o l f o r  H y p e rth e rm ia  E xp e rim e n ts
Tumours wh ich  were m o b i le  and f r e e  o f  any s k in  o r  muscle  invo lvem en t  
were s e le c te d  a t  s i z e  6 .5  ± 0.5mm d ia m e te r .  A l l  tumours used had grown
a t  the normal r a t e  (see 2 . 3 . 2 ) .  The s u r r o u n d in g  area o f  sk in  was
c l i p p e d  when the  tumour measured 3mm d ia m e te r .
Mice were in t r o d u c e d  i n t o  the  c o n t r a i n i n g  j i g  w i t h  tumour r e t r a c t e d  
as is  shown in F ig u re  3 .1 .  The r e c t a l  p ro b e ,  d ip pe d  in l i q u i d
p a r a f f i n ,  was i n s e r t e d  up to  the  l e v e l  o f  the  p y r o l i c  s p h y n c te r .  In
t h i s  way r e c t a l  te m pe ra tu re  c l o s e l y  a p p rox im a ted  t o  co re  tem pera tu re  
and changes in t h i s  te m pe ra tu re  ve ry  c l o s e l y  f o l l o w e d  a p p l i e d  s u r fa c e  
tem pe ra tu re  changes.  The probe  was taped t o  the  t a i l  wh ich  was he ld  
o u t s i d e  the j i g .  A c o l l a r  o f  s u i t a b l e  s i z e  was p la ce d  round the  base 
o f  the tumour .  C o n ta c t  j e l l y  was pu t  on the  tumour  and a l lo w e d  to  
p e n e t r a t e  i n s i d e  the  c o l l a r .  A s u r f a c e  probe was p la ced  on the tumour 
and both  were covered  w i t h  the perspex heat a p p l i c a t o r  (see F ig u re  3 -8 ) ,
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F i g u r e  4.1
I r r a d i a t i o n  j i g .  A -  s l i t  f o r  tumour suppor t
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F ig u r e  4 . 2
Schematic d iagram  o f  i r r a d i a t i o n  chamber
F i g u r e  4 . 3
Photograph o f  r a d i a t i o n  chamber showing mice in lead  
j i g s  in p o s i t i o n  f o r  i r r a d i a t i o n
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For ' f a s t  h y p e r t h e r m ia '  the  heat  a p p l i c a t o r  was p re -h e a te d  us in g  
the phantom ' t u m o u r ' /mouse tumour c a l i b r a t i o n  to  o b t a i n  44 .2 *6  f o r  
s u r fa c e  tumour t e m p e ra tu r e .  T h is  s u r f a c e  tem pe ra tu re  was 
a p p ro x im a te l y  e q u i v a l e n t  t o  an i n t r a - t u m o u r  tem pe ra tu re  o f  44*6 .  The 
h e a t in g  d ev i c e  was then p la ced  o v e r  the  tumour and a ‘ hea t  dose '  o f  
44*6 f o r  60 m in u tes  was d e l i v e r e d  to  the  tumour.  I t  t oo k  a p p r o x im a te l y  
2 m in u tes  t o  reach the  r e q u i r e d  t e m p e ra tu r e .
For ' s l o w  h y p e r t h e r m ia '  the  h e a te r  was sw i tch ed  on and the  heat  
a p p l i c a t o r  p la ced  o v e r  the  tumour .  The tem pe ra tu re  o f  the  a p p l i c a t o r  
rose t o  43*6 in  a p p r o x im a t e l y  10 m in u te s .  A t  43*6 th e  t i m e - c l o c k  was 
s t a r t e d  and h e a t i n g  l a s t e d  f o r  60 m in u te s .  I t  t o o k  a n o th e r  60 seconds 
to  reach the  t r e a tm e n t  t e m p e ra tu r e .  T h i s  gave an a p p r o x im a te l y  
e q u i v a l e n t  hea t  dose t o  t h a t  g i v e n  i n  ' f a s t  h y p e r t h e r m i a ' .
A f t e r  t re a tm e n t  ( w i t h  e i t h e r  h y p e r th e rm ia  o r  X - r a y s )  th e  f i r s t  few 
days o f  reg row th  were u s u a l l y  masked by oedema o r  scab,  so n o r m a l l y  
tumours were o n l y  reco rded  f rom s i z e  4mm d ia m e te r .  Measurements were 
t h e r e a f t e r  reco rded  d a i l y  u n t i l  the  tumour measured 10mm d ia m e te r .  The 
an ima ls  were then s a c r i f i c e d .
4 . 2 . 2  P ro to o o t f o r  X-Ray E xpe rïm e n ts
A 2mm t h i c k  lead j i g  ( F i g u r e  4 .1 )  was used f o r  tumour i r r a d i a t i o n  and 
t h i s  was c o m p a t i b l e ,  as f a r  as c o n s t r a i n i n g  the  animal  and s u p p o r t i n g  
the tumour ,  w i t h  the  h y p e r t h e r m ia  j i g ,  w h i l e  s h i e l d i n g  the  animal  
d u r in g  I r r a d i a t i o n .  The tumour was r e t r a c t e d  th rou g h  a l^mm wide s l i t  
f o r  i r r a d i a t i o n .  W h i le  e v e ry  e f f o r t  was made t o  m in im is e  c o n s t r i c t i o n  
o f  b lood  f l o w  ( A b d e la a l ,  1979) i t  was f e l t  t h a t  the  des ign  o f  the  c o l l a r  
gave less  d i s t o r t i o n  o f  t i s s u e  round the tumour,  w h i l e  s t i l l  
s u p p o r t i n g  i t  c l e a r  o f  the body by an e q u i v a l e n t  d i s t a n c e .
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X - ra y s  were d e l i v e r e d  f rom a Siemens S t a b i l i p a n  1 u n i t ,  o p e r a t i n g  
a t  250kV and a f i l a m e n t  c u r r e n t  o f  15mA, w i t h  an HVL o f  1.8mm copper.
The dose r a te  was 100 ra d /m in u te .  The X - ray  tube was p o s i t i o n e d  a t  the 
base o f  a s h ie ld e d  box (F ig u r e s  4 .2  and 4 . 3 ) .  Mice were c a r e f u l l y  
p o s i t i o n e d  t o  g i v e  an i d e n t i c a l  dose t o  a l l  tumours .  Because o f  the 
p o s i t i o n  o f  the tumour mice  were l y i n g  on t h e i r  s id e s  d u r in g  
i r r a d i a t i o n .  A l l  the  dose r a t e  measurements were made us ing  a Farmer- 
Baldwin  dosemeter  wh ich  had been c a l i b r a t e d  a g a i n s t  a s tandard  
I n s t r u m e n t .  The dose r a t e  was checked a t  week ly  i n t e r v a l s .  The dose 
p r o f i l e s  w i t h i n  the lead j i g  and the  c e n t r e  o f  the  tumour were 
de te rm ined  u s in g  a L IF  th e r m o - lu m in e s c e n t  dosemeter .  Sachets o f  
L i F "  rods were p laced  w i t h i n  the  j i g  wh ich  was f i l l e d  w i t h  t i s s u e  
e q u i v a l e n t  m a t e r i a l  ( s ta n d a rd  b o lu s  -  MgSO^/sucrose spheres)  and in 
the  c e n t r e  o f  a tumour phantom made f rom th e  same m a t e r i a l  enc losed  in 
a t h i n  rubber c o v e r i n g .  The dose de te rm ined  by TLD d o s im e t r y  was in  
good agreement w i t h  t h e  i o n i s a t i o n  chamber measurement.  The absorbed 
dose t o  the  s h ie l d e d  p a r t s  o f  the  mouse were found  t o  be a p p ro x im a te ly  
1 % o f  the tumour dose (A M P e r r y ,  p e rs .com m .) .
4 .3  R e s u l t s  o f  T rea tm en t
4.2.1 After Hypertherm-ia ('Fast' and ’SZow^ were considered together)
4.2.1.1 Regression, recurrence and cure
F ig u re  4 .4  shows t y p i c a l  r e g r e s s io n  and re g ro w th  p a t t e r n s  a f t e r  
h y p e r th e r m ia .  The p a t t e r n  o f  r e g r e s s io n  a f t e r  a hea t  dose near to  the 
TCD37 l e v e l  (43°C f o r  1 hour i s  the  n e a re s t  f o r  h y p e r th e r m ia )  i s  g iven  
f o r  compar ison w i t h  t h a t  a f t e r  X - ra y s  (F ig u re  4 . 5 ) .  A l l  r e g re s s io n  
p a t t e r n s  a f t e r  c u r a t i v e  l e v e l s  o f  t r e a tm e n t  were s i m i l a r .  The tumour 
f i r s t  became oedematous (Tab le  4 . 1 ) ,  the degree o f  wh ich  was dependent
E
E
LU
LU
<
û
z
<
LU
18146 102
T I M E  (DAYS)
F ig u re  4 .6
E f f e c t  of  h y p er th e rm ia  ( 4 2 . 5 ° / 6 0  minutes)  on tumour volume 
Hyper thermia  d e l i v e r e d  a t  t ime when tumour reached 6mm 
d ia m e te r .  A -  r e g r e s s io n  and regro w th ,  B -  c l e a r a n c e  
of  dead c e l l s  ( h y p o t h e t i c a l  c u r v e ) ,  C -  v i a b l e  tumour
c e l l  component.
F ig u r e  4 . 7  
L i g a t u r e  dev ice
8 8 .
on the le v e l  o f  the  heat  dose .  Tumours then shrank  w i t h i n  one t o  
two days.  A f t e r  s u b - c u r a t i v e  regimes the tumour c o n t in u e d  t o  grow 
w i t h  no app a re n t  change in g rowth  r a t e .  Near c u r a t i v e  tem pera tu res  
th e re  was a s l i g h t  d e l a y ,  then normal growth  c o n t in u e d .  F ig u re  4 .6  
Is a h y p o t h e t i c a l  r e g r e s s io n  and reg row th  p a t t e r n  a f t e r  n e a r - c u r a t i v e  
hypertherm i a .
4,3.1.2 Cure rate versus time/temperature
Cure r a te  f o r  (no rm ox ic )  tumours heated f o r  one hour a t  d i f f e r e n t  
t e m pe ra tu res  ( t e m p e r a tu re  H I n t r a - t u m o u r  t e m p e ra tu re )  Is shown in 
Tab le  4 .2 .  For those  tumours wh ic h  were n o t  cu red  reg ro w th  t im e  a f t e r  
t r e a tm e n t  is  g i v e n .
To e v a l u a te  the  e f f e c t s  o f  o c c lu s i o n  o f  the  b lood  su pp ly  t o  the  tumours 
on cu re  r a t e ,  tumours were l i g a t e d ,  us in g  a s p r i n g - l o a d e d  d e v ice  
( F ig u r e  4 . 7 ) .  T h i s  was p o s i t i o n e d  round the  tumour base and the  
te n s io n  a d j u s t e d  by a l t e r i n g  the  load on the  s p r i n g .  Tumours were 
l i g a t e d  f o r  one hour b e fo r e  then d u r in g  t r e a t m e n t .
Cure r a te s  f o r  normox ic  and h y p o x ic  tumours ,  heated f o r  an h ou r ,  a re  
shown in Tab le  4 .3 .  From the  r e s u l t s  i t  would appear  t h a t  hypox ia  
in c reases  the in c id e n c e  o f  c u res  t o  a p p r o x im a te l y  the  same e x t e n t  as 
r a i s i n g  the  te m p e ra tu re  by 0 .5 °C .  I t  is  p o s s i b l e  t h a t  w i t h  l a r g e r  
numbers in the  h y po x ic  g roup  the  d i f f e r e n c e  between the two groups 
m igh t  have been more s i g n i f i c a n t ,  as has been found by o th e r s  ( H i l l  
and Denekamp, 1978) ,
Since the tumour used in t h i s  s tudy  was a l r e a d y  a p p r o x im a t e l y  30% 
hyp o x ic  (see 2 . 3 . 1 )  I t  was n o t  s u r p r i s i n g  t h a t  c la m p in g  had no ve ry  
marked e f f e c t .  From te m pe ra tu re  measurements (Tab le  3 . 8 )  w i t h i n
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l i g a t u r e d  tumours i t  can be seen t h a t  the I n t r a - t u m o u r  tempera ture  
was a p p ro x im a te l y  0.1 - 0.2°C h ig h e r  in l i g a t u r e d  tumours than in 
normox ic  tumours d u r in g  a p p l i e d  h ea t .  T h is  i s  no t  enough to  e x p l a i n
the h ig h e r  leve l  o f  tumour cu re  found.
C o n t ro l  tumours were s i m i l a r l y  c o n s t r i c t e d  f o r  2 hours w i t h o u t  h e a t i n g .  
T h is  appeared t o  have no marked e f f e c t  on the  g row th  r a t e .  Time f o r  
tumours to  grow f rom 6mm, when they were l i g a t e d ,  t o  10mm was:
5 ± 1 . 1  days (25 mice )  -  l i g a t e d  tumours
5.4  ± 1.3  days (20 mice)  -  normal g row th  r a t e
4.3.2 After X-Rays
4.3.2.1 Reqresston. recurrence and cure
F ig u re  4 .5  shows com pos i te  r e g r e s s io n  p a t t e r n s  a f t e r  s i n g l e  doses o f
X - r a y s .  60Gy i s  the  t r e a tm e n t  dose n e a r e s t  t o  the  TCD^y l e v e l .  Tumour
re g r e s s io n  was o n l y  e v i d e n t  a f t e r  s i n g l e  doses o f  50Gy. Regress ion
p a t t e r n s  above 50Gy were v e ry  s i m i l a r ,  w he the r  tumours were cured or
n o t ,  s in c e  damage t o  the  v a s c u l a r  system makes c le a r a n c e  o f  dead c e l l s  
and d e b r i s  d i f f i c u l t  above t h i s  l e v e l  ( A b d e la a l ,  1979).  A t  low sub­
c u r a t i v e  l e v e l s  o f  t r e a tm e n t  the  tumour c o n t i n u e d  t o  grow, sometimes 
a f t e r  a d e l a y ,  a t  the  c o n t r o l  g row th  r a t e .  A f t e r  c u r a t i v e  regimes the 
tumour became s l i g h t l y  oedematous f o r  s e v e r a l  days .  Complete tumour 
sh r in ka g e  d id  no t  take  p la c e  f o r  a p p r o x im a t e l y  2 weeks.
4.3. 2. 2 Cure rate versus dose
Cure r a t e  f o r  i r r a d i a t e d  tumours i s  g i v e n  in  T ab le  4 .4 .  For those 
tumours wh ich  were not  cured re g ro w th  t im e s  a re  g i v e n .  Cure r a t e  f o r  
' c lamped '  and ' u n d a m p e d '  tumours d i d  no t  d i f f e r  s i g n i f i c a n t l y  in t h e i r  
response to  r a d i a t i o n  ( A b d e la a l ,  1979).  T h i s  m ig h t  lead one to  suspect
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t h a t  the tumours may n o t  have been ve ry  e f f e c t i v e l y  c lamped.  The 
tumour however is  atleO-St 30% n e c r o t i c  so the  h y p o x ic  s t a t u s  even 
o f  the  'u n d a m p e d '  tumour wou ld  be q u i t e  h ig h .  T h i s  i s  in accordance 
w i t h  the  f a c t  t h a t  a h ig h  dose is  r e q u i r e d  to  cu re  t h i s  tumour.
4.3.2 Comparzson of Results of Heat and X-Rays
Regrowth d e la y  t im e  has been compared in  these s t u d i e s  a t  a near i s o ­
cure  le v e l  ( i . e .  the  n e a re s t  t o  the  TCD^y le v e l  f o r  heat  and f o r  
X - r a y s ) ,  Regrowth d e la y  i s  here d e f i n e d  as the  t im e  taken f rom 
t re a tm e n t  f o r  r e c u r r e n t  tumours t o  grow t o  10mm d ia m e te r .  These data  
a re  p re sen ted  in  T a b le  4 .5  and F ig u r e  4 .8 .  The mean t ime f o r  tumours 
t o  regrow to  10mm was 18.2  ± 6 .7  days a f t e r  h y p e r th e r m ia  and 69 .5  ± 
22.8  days a f t e r  X - r a y s .  Regrowth a f t e r  h y p e r th e r m ia  a t  an i s o - c u r e  
le v e l  Is t h e r e f o r e  much f a s t e r  than a f t e r  r a d i o t h e r a p y .
4 .4  D iscu ss i on
4.4.1 Advantages of Hot Using Anaesthetics
M o r t a l i t y  r e l a t e d  t o  e x p e r im e n ta l  p rocedures  i s  n o t  o f t e n  q uo ted .  in 
h y pe r th e rm ia  t r e a tm e n ts  t h e r e  a re  se vera l  common causes o f  dea th .  One 
is  due to  a r i s e  in  co re  te m p e ra tu re  t o  above 42°C (D ickson ,
Calderwood and J a s ie w i c z  1977).  A no the r  cause i s  by i n f e c t i o n  o f  
the tumour subsequent  t o  t r e a t m e n t .  Tumours s i t e d  on the  back a re  less  
l i a b l e  t o  i n f e c t i o n  than tumours in  some o t h e r  s i t e s  ( H e w i t t ,  p e r s ,  
comm.).  A t h i r d  i s  r e l a t e d  t o  the  use o f  a n a e s t h e t i c s  (Honess,  p e rs .  
comm.; Wheldon,  pers .comm ,;  Overgaard and Overgaa rd ,  1972).  in t h i s  
s tudy  where over  1,000 mice have been t r e a t e d  w i t h  h y p e r th e r m ia  th e re  
was no t r e a t m e n t - r e l a t e d  m o r t a l i t y .
A n a e s th e t i c s  a re  w i d e l y  used in  animal  e x p e r im e n ts .  in some e xpe r im en ts
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they a re  e s s e n t i a l .  In o t h e r s  they  c o m p l i c a te  the  i n t e r p r e t a t i o n  o f  
r e s u l t s  t o  such a degree t h a t  m o d i f i c a t i o n  o f  the  e x pe r im en ta l  
tech n iq ue  to  o b v i a t e  the n e c e s s i t y  f o r  a n a e s th e s ia  may g iv e  more 
m ean ing fu l  r e s u l t s .
The a d m i n i s t r a t i o n  o f  a n a e s t h e t i c s  has been r e p o r te d  to  a . l t e r  body 
core  t e m p e ra tu re  (Johnson,  Fow le r  and Z a n e l l i ,  1976).  Some a n a e s th e t i c s  
have the  e f f e c t  o f  d ep re s s in g  the  r a t e  and dep th  o f  b r e a t h in g  and,  
c o n s e q u e n t l y ,  may reduce the  oxygen te n s io n  in the  t i s s u e s  o f  the  
animal  (Hornsey ,  Myers and A n d r e o z z i ,  1977) wh ich  would c e r t a i n l y  a f f e c t  
cu re  r a t e  a f t e r  X - ra y  t r e a t m e n t .  B a r b i tu ra te s ,  wh ich  have been used 
r o u t i n e l y  as a sa fe  a n a e s t h e t i c  in  animal  e x p e r im e n ts ,  a re  known to  
lower the  b lo od  p re s s u r e  in man -  though no docu m en ta t ion  c qu ld  be found 
on i t s  p h y s i o l o g i c a l  e f f e c t  on mouse b lood  p re s s u r e  and co re  
te m p e ra tu re .  Nembutal and u re th a n e  a f f e c t  mouse b lo od  p re ssu re  and 
tumour b lood  f l o w  -  nembutal  c a u s in g  a 5°C drop  in  bo th  co re  and tumour 
t e m pe ra tu re  in  20 m in u te s .  U re thane  induced o n l y  a smal l  d rop in 
te m p e ra tu re .  I t  i n i t i a l l y  caused a f a l l  in  b lood  p r e s s u r e ,  f o l l o w e d  
by r e c o v e r y ,  w h i l e  nembutal  caused a s teady  f a l l  in b lood  p re s s u re .
The e f f e c t  o f  nembutal  on b lo od  f l o w  suggests  t h a t  the  lower b lood  
p re ssu re  would decrease tumour p e r f u s i o n ,  however changes in b lood  
p re s s u re  c o u ld  a f f e c t  normal t i s s u e  t o  an even g r e a t e r  degree ,  s ince  
v e s s e ls  in  tumours l a c k  e l a s t i c i t y  and may n o t  be as s e n s i t i v e  to  
p re s s u re  changes.  Johnson (1978) has sugges ted  t h a t  in  mice  t o t a l  
b lood  f l o w  in c rease s  when the  te m p e ra tu re  r i s e s  f rom 38-41*  and then 
may dec rease .  The i n i t i a l  i n c re a s e  i s  p r o b a b ly  due to  the open ing o f  
shun ts  and v a s o - d i l a t i o n  f rom r e l a x a t i o n  o f  a r t e r i a l  v e s s e l s  and 
p r e c a p i l l a r y  s p h i n c t e r s ,  c o n t r o l l e d  by the a u t o - r e g u l a t o r y  system. 
P r e l i m i n a r y  r e s u l t s  f rom Johnson suggest  t h a t  t e m pe ra tu res  near 4 l°C
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do no t  decrease  tumour b lood  f l o w  bu t  what happens above t h a t  
tem pe ra tu re  is  n o t  c l e a r .  Thus the  use o f  a n a e s th e t i c s  c o m p l i c a te s  
the  e x p e r im e n ta l  p rocedu re  s in c e  a l lo w a n ce  must  be made t o  measure 
b lood  f l o w .  On the  who le  the  use o f  a n a e s th e t i c s  i s ,  i f  p o s s i b l e ,  
b e s t  avo id e d .
4.4.2 Cure Results After Different Methods of Heating C3H Tumours 
in Relation to Normal Tissue Damage
D i f f e r e n t  tec h n iq u e s  o f  h e a t i n g  v a r i o u s  sma l l  animal  tumours have been 
a l r e a d y  compared (see 3 . 3 . 3 ) .  A b e t t e r  assessment is  o b ta in e d  however 
i f  cu re  r e s u l t s  a f t e r  t r e a t i n g  the  same tumour a re  compared.  T ab le  4 .6  
g i v e s  t h i s  f o r  th e  C3H tumour and some assessment o f  the  r e s u l t s  o f  
t re a tm e n t  i s  g i v e n  under 'Comment ' .
When Overgaard and Overgaard  (1972) t r e a t e d  a m u l t i - g e n e r a t i o n  tumour 
w i t h  r a d io f r e q u e n c y  hea t  they  o b ta in e d  a lower  c u re  r a t e  f o r  an 
e q u i v a l e n t  l e v e l  o f  t r e a t m e n t  than t h a t  found in  the  p r e s e n t  s tu d y .
Thus the  p r e s e n t  t e c h n iq u e  seems p r e f e r a b l e .  T h e o r e t i c a l  c a l c u l a t i o n s  
(see 1. 3. 2) do sugges t  however than one o f  the  advan tages o f  r a d i o ­
f requ ency  h e a t in g  i s  in  s k i n - s p a r i n g .  T h is  was found by Overgaard and 
Overgaard who c o u ld  p ro b a b ly  have used a h i g h e r  hea t  dose and s t i l l  
spared the  normal t i s s u e  w h i l e  perhaps o b t a i n i n g  a h i g h e r  cu re  r a t e .
Van D i j k  and B reu r  (1979)» in t r e a t i n g  m u l t i - t r a n s p l a n t  tumours ,  s i t e d  
on the backs and legs o f  m ic e ,  o b ta in e d  a 50% cu re  r a t e  a t  44*0 w i t h  
r a d io f r e q u e n c y  h e a t i n g  ( c f  65 ± 8% in t h i s  s t u d y ) .  No c u res  were o b ta i n e d  
w i t h  w a te r b a th  h e a t i n g .  Thus r a d io f r e q u e n c y  h e a t i n g  gave r e s u l t s  perhaps 
s l i g h t l y  le ss  good than those  in t h i s  s tu d y  w h i l e  w a te r b a th  h e a t in g  was 
much p o o re r  -  u s in g  an e q u i v a l e n t  tumour system. T h i s  was e s p e c i a l l y  
bad as in the s tudy  by van D i j k  and B re u r ,  as a l s o  in  t h a t  by T h r a l l ,
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G i l l e t t e  and Bauman (1973) ( c f  a l s o  in the s i m i l a r  s tudy  by C r i l e ,
1963) the normal t i s s u e  r e a c t i o n  a t  heat  doses e q u i v a l e n t  to  those 
used in the p re s e n t  s tud y  gave r i s e  t o  loss o f  leg  or  f o o t .  There 
e x i s t s  the p o s s i b i l i t y  t h a t  any cu re s  observed  may o n l y  have been as 
a r e s u l t  o f  a m p u ta t io n  r a t h e r  than c e l l  k i l l i n g .  C r i l e ' s  r e s u l t s ,  f o r  
example,  suggest  a c u r a t i v e  l e v e l  o f  t re a tm e n t  as one where 50% or  more 
o f  the mice l o s t  t h e i r  f e e t .
T h r a l l  e t  a l  (1973) and G i l l e t t e  and Ens ley  (1979) t r e a t e d  C3H tumours,  
s i t u a t e d  on mouse l e g s ,  u s in g  w a te r b a th  h e a t i n g .  The tumour used was a 
3rd g e n e r a t i o n  tumour,  wh ich  i s  b e t t e r  v a s c u l a r i s e d  than the p re s e n t  
tumour so one m ig h t  have expec ted  a r a t h e r  lower cu re  l e v e l  because o f  
heat  l o s s .  No c u re s  a t  a l l  were o b ta in e d  however,  even us in g  a s u r f a c e  
tem pe ra tu re  o f  44.5°C f o r  1 h o u r ,  wh ich  was supposed to  be e q u i v a l e n t  
t o  44.1*C i n t r a - t u m o u r  t e m p e r a tu r e .  T h is  heat  ' d o s e '  gave a b e t t e r  
than 60% cu re  r a t e  in  the  p r e s e n t  s tu d y .  I t  i s  p o s s i b l e  t h a t  the  
tem p e ra tu re  d i s t r i b u t i o n  In th e  tumour t r e a t e d  by T h r a l l  e t  a l  was 
a f f e c t e d  by the  l a r g e  b lo o d  v e s s e l s  in  the  leg  (see Robinson e t  a l ,  
1978) .  Even assuming t h i s ,  one m ig h t  have expec ted  t o  o b t a i n  some 
cures  w i t h  the  hea t  dose used. In a d d i t i o n  a p p r o x im a te l y  6-7% o f  a l l  
mice t r e a t e d  d ie d  w i t h i n  24 hours  o f  t r e a t m e n t .  Reason f o r  death  is  
no t  g ive n  and no co re  t e m p e ra tu r e s  were quo ted in these  s t u d i e s ,  so 
dea th  c o u ld  have been caused by e x c e s s i v e  normal t i s s u e  damage o r  by 
sys tem ic  e f f e c t s  o f  e l e v a t e d  c o r e  t e m p e ra tu r e .
I t  i s  o f  i n t e r e s t  t h a t  t h e  b es t  r e s u l t s  o b ta in e d  have been w i t h  
mic rowave ,  abou t  wh ich  t h e r e  a re  such c o n f l i c t i n g  r e p o r t s .  Mendecki 
e t  a l  ( 1976) o b ta in e d  100% c u re  r a t e  w i t h  i n t r a - t u m o u r  tem pe ra tu res  o f  
43.5°C and w i t h  s k i n  s p a r i n g .  T h i s  r e s u l t  is  p a r t i c u l a r l y  i n t e r e s t i n g
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as the tumours were im p la n ted  in the leg - a s i t e  wh ich  n o r m a l l y  g ive s  
poor thermal  d i s t r i b u t i o n s .  The o n l y  p rob lem a s s o c ia te d  w i t h  t h i s  
p a r t i c u l a r  t r e a tm e n t  was the  h igh  co re  t e m p e ra tu r e ,  and i t  was 
c o ns ide re d  t h a t  t h i s  was b e s t  avo ided  as has been d is c u s s e d .
In c o n s i d e r i n g  the  a l t e r n a t i v e  forms o f  h e a t i n g  systems to  use in  the 
p re sen t  s tudy  the r e s u l t s  shown in  T a b le  4 .6  were co n s ide re d  a lo ng  w i t h  
the t h e o r e t i c a l  c a l c u l a t i o n s  by S t rang  and P a t t e r s o n  ( l 9 8 0 ) ( s e e  Chapter  
3 ) .  These c o n f i rm e d  t h a t  w a te r b a t h  h e a t i n g  was less  s a t i s f a c t o r y  than 
r a d io f r e q u e n c y  o r  microwave h e a t i n g ,  and t h a t  a form o f  c o nd u c t i on  
h e a t in g  would be a p p r o p r i a t e  f o r  th e  type  o f  tumour t o  be t r e a t e d .
In the  p re se n t  s tudy  i t  i s  o f  i n t e r e s t  t h a t  a f t e r  h ype r th e rm ia  t r e a t m e n t s ,  
a t  tem pera tu res  o f  ^  45°C f o r  1 o r  2 h o u rs ,  h e a l i n g  appeared to  f o l l o w  
the  same t ime c o u r s e ,  w h a te ve r  the  hea t  dose.  I f  the  heat  dose was 
c u r a t i v e  a d ry  scab formed o v e r  th e  t r e a t e d  area w i t h i n  3-4 days and 
t h i s  remained u n t i l  h e a l i n g  under th e  scab was com p le te .  Thus cu re  
took  p la ce  a t  a heat  dose t h a t  was below normal  t i s s u e  t o l e r a n c e  s in c e  
h e a l i n g  a lways accompanied c u r e .  When the  tumour was no t  c o n t r o l l e d  
the scab became m o is t  round the  area  o f  r e g r o w t h ,  wh ich  thus appeared 
to  i n t e r f e r e  w i t h  the  p rocess  o f  h e a l i n g .  The t im e  f o r  h e a l i n g  to  
take p la c e  a f t e r  t r e a t m e n t  was the  same r e g a r d le s s  o f  the  hypox ic  
s t a t u s  o f  the tumour t r e a t e d .
Tumours t r e a t e d  f o r  2 hour s  -  18 ± 6 . 7  days
Tumours t r e a t e d  f o r  1 hour  -  19 ± 6 . 8 days
L i g a t u r e d  tumours t r e a t e d  f o r  1 hour  -  18 ± 5 .9  days
Th is  t ime may be r e l a t e d  t o  the  m a t u r a t i o n  p e r i o d  o f  e p i t h e l i a l  c e l l s  
f rom the basal  c e l l s  wh ich  wou ld  be s t i m u l a t e d  to  r e p la c e  the damaged
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s k in  c e i l s .
In the c l i n i c a l  s i t u a t i o n  s k in  h e a l i n g  takes p la c e  a t  d i f f e r e n t  ra tes  
in d i f f e r e n t  areas  o f  the body.  G e n e r a l l y  e p i t h e l i a l  c e l l s  f rom 
round the wound m ig r a te  q u i c k l y  a c ro ss  the wound t o  g i v e  a q u i c k  
co ve r  o f  normal e p i t h e l i a l  c e l l s .  The dermis  neve r  c o m p le te ly  
re c o v e rs  and is  rep lace d  more s l o w l y  by f i b r o u s  wound t i s s u e .  The 
t im e s c a le  f o r  t h i s  depends on the  e x t e n t  o f  the  wound and so the 
s i m i l a r  t im e s c a le  f o r  the  d i f f e r e n t  t re a tm e n ts  may r e f l e c t  the p h y s i c a l  
s i z e  o f  the  damaged a re a .
In s t u d i e s  on the  e f f e c t  o f  wet hea t  on tumours no comparable data on 
h e a l i n g  t im e  has been found so r e s u l t s  o f  t h i s  s tu d y  cannot  be d i r e c t l y  
compared, however i t  does appear t h a t  f rom the  s t u d i e s  o f  T h r a l l  e t  al 
and o t h e r s  t h a t  wet  heat  i s  more d i r e c t l y  damaging t o  sk in  than is  d ry  
h ea t .  T h i s  r e s u l t  has a l s o  been found by Hopewel l  (pers .comm.)  in 
s t u d i e s  on p i g  s k i n .
The p e s s i m i s t i c  v iew  o f  the  v a lu e  o f  hea t  as an a d j u n c t  to  r a d io th e r a p y  
taken by S te w a r t  and Denekamp (1977)» F i e l d  and Law (1978) and 
G i l l e t t e  and Ensley (1979) may be,  t o  some deg ree ,  because in these 
s t u d i e s  on combined t r e a tm e n t  'w e t  h e a t '  was used ,  thus  g i v i n g  more 
normal t i s s u e  damage than m igh t  have been observed  us ing  o th e r  h ea t in g  
t e c h n iq u e s .  A l s o  the  e f f e c t i v e  tumour t e m p e ra tu re  c o u ld  have been 
o v e r s t a t e d  because o f  perhaps un reco gn ised  the rm a l  g r a d i e n t s  w i t h i n  
the tumour ( c f  w i t h  w a te r b a th  h e a t i n g  by van D i j k  and B re u r ,  1979) o r  
because o f  s l o w l y  e q u i l i b r a t i n g  i n t r a - t u m o u r  t e m p e ra tu r e s .  Time to  
reach therm al  e q u i l i b r i u m  is  n o t  a lways quo ted and must  be taken i n t o  
accoun t  when s t a t i n g  a heat  dose.
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4.4.2 Use of the Results as a Measure of Tumour Response
4.4.2.1 Local control or cure
Local  c o n t r o l  o r  cu re  has been taken in  these  s t u d i e s  as no lo c a l  
r e c u r re n c e  a f t e r  100 days.  T h is  i s  a reasonab le  l e n g th  o f  t im e  owing
to  the r a p id  g rowth  and reg ro w th  a f t e r  t r e a tm e n t  o f  t h i s  tumour. Only
one tumour o u t  o f  se ve ra l  hundred t r e a t e d  by X - ra ys  ( a t  a l l  doses up to  
85Gy) d id  re c u r  a f t e r  100 days,  and a f t e r  h y p e r t h e r m ia ,  o n l y  one 
re c u r re d  l a t e r  than 40 days a f t e r  t r e a tm e n t  ( f o r  a l l  d i f f e r e n t  t ime and 
tem pe ra tu re  c o m b in a t io n s  up to  46° f o r  60 m in u t e s ) .  One problem o f  the  
use o f  cu re  as an e n d - p o i n t  is  t h a t  mé tas tasés  can end the  normal l i f e ­
span o f  the  hos t  b e fo re  lo c a l  c u re  can be assessed .  T h is  i s  u n l i k e l y  
w i t h  h y p e r th e rm ia  s in c e  lo c a l  r e c u r r e n c e  was p rom p t ,  and indeed any 
mice w i t h  mé tas tasés  were a lways i n v e s t i g a t e d  f o r  l o c a l  re c u r re n c e .  
Because o f  the  r a p i d i t y  o f  l o c a l  re c u r re n c e  t h i s  c o u ld  a lways be 
d e te rm in e d ,  so cu re  as an e n d - p o i n t  is  a s u i t a b l e  index  o f  tumour 
response a f t e r  h y p e r t h e r m i a .
4. 4.2. 2 Growth delay and cell kill followinq hyperthermia
From the  r e s u l t s  shown in F ig u r e  4 .8  the  g ro w th  d e l a y  d i s t r i b u t i o n s  
are v e r y  d i f f e r e n t  f o r  the  two m o d a l i t i e s .  X - r a d i a t i o n  and h y p e r t h e r m ia ,  
a t  s i m i l a r  t r e a tm e n t  l e v e l s ,  have i d e n t i c a l  e f f e c t s  in  terms o f  c u r e ,  
bu t  g r o s s l y  unequal e f f e c t s  as judged  by re g ro w th  d e l a y ,  t h e r e f o r e  
compar ison o f  g row th  d e la y  a f t e r  X - ra ys  and h y p e r t h e r m ia  cannot
p r o v id e  a d i r e c t  measure o f  c e l l  k i l l  by these  two m o d a l i t i e s .  A f t e r  
r a d io t h e r a p y  the  tumour bed and I t s  a s s o c i a te d  v a s c u l a r  t i s s u e s  a re  
n o r m a l l y  damaged when the  dose g iven  has been in  the  c u r a t i v e  range.
H ype r the rm ia  appears t o  cause no e q u i v a l e n t  e f f e c t  t o  t h i s  ' tumour bed 
e f f e c t '  (TBE). P r e - t r a n s p l a n t a i  ion h y p e r th e r m ia  on C3H normal sk in
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gave no r e t a r d a t i o n  o f  tumour g r o w t h ,  whereas the c o n c u r r e n t  e x p e r i m e n t
on p r e - t r a n s p i a n  t a t  ion i r r a d i a t i o n  produced marked r e t a r d a t i o n  o f
tumour g r o w t h  ( Ur ano  and Cunni ngham,  1 9 8 O) .  A b d e l a a l  ( 19 79 )  r e p o r t e d
a l s o  a l t e r e d  g r o w t h  k i n e t i c s  a f t e r  X - r a y s  o f  the C3H tumour used in t h i s  study
Growth d e l a y  a f t e r  h y p e r t h e r m i a  however  is so m a r k e d l y  d i f f e r e n t  f rom
t h a t  o b s e r v e d  a f t e r  X - r a y s ,  t h a t  t he  d i f f e r e n c e  c an n o t  be due e n t i r e l y
t o  t he  TBE o r  t he  s l i g h t  a l t e r a t i o n  in g r owt h  k i n e t i c s  a f t e r  X - r a y s .
One i n t e r p r e t a t i o n  o f  t h i s  d i s c r e p a n c y  c o u l d  be in t erms o f  a 
d i f f e r e n t i a l  r a t e  o f  r e p o p u l a t i o n  ( o r  o n s e t  o f  r e p o p u l a t i o n )  o f  
s u r v i v i n g  c l o n o g e n i c  c e l l s  f o l l o w i n g  t r e a t m e n t .  Because o f  v a s c u l a r  
c o o l i n g ,  n u t r i t i o n a l  s t a t u s ,  e t c ,  t he  c e l l s  s u r v i v i n g  h y p e r t h e r m i a  
t r e a t m e n t  a r e  p r o b a b l y  o x i c  c e l l s  wh i ch  a r e  c a p a b l e  o f  prompt  d i v i s i o n :  
a l s o  s i n c e  damage t o  t he  v a s c u l a t u r e  i s  mi n i ma l  t he  s u r r o u n d i n g  t i s s u e  
w i t h  i t s  f r a me wo r k  o f  c o n n e c t i v e  and v a s c u l a r  t i s s u e s  is in a p o s i t i o n  
t o  r e a c t ,  as any normal  t i s s u e  w o u l d ,  t o  hea t  i n j u r y .  P a r t  o f  t he  
c e l l u l a r  r e sponse  t o  i n c r e a s e d  t e m p e r a t u r e  is  t o  g i v e  a r e a c t i o n  
s i m i l a r  t o  any i n f l a m m a t o r y  c o n d i t i o n ,  w h i c h  r e s u l t s  in s t i m u l a t i o n  o f  
a f i b r i n o u s  e x u d a t e .  T h i s  c o u l d  have a s i m i l a r  e f f e c t  t o  l e t h a l l y  
i r r a d i a t e d  c e l l s  in p r o m o t i n g  an i n c r e a s e d  r a t e  o f  r e p o p u l a t i o n  o f  
the  s u r v i v i n g  tumour  c e l l s .  A f t e r  X - r a y s  the s u r v i v i n g  c e l l s  a r e  
p r o b a b l y  h y p o x i c ,  a w a i t i n g  r e - o x y g e n a t i o n .
T her e  e x i s t ,  h owev e r ,  some a l t e r n a t i v e  e x p l a n a t i o n s  f o r  t he  r a p i d  
r e g r o w t h  a f t e r  h y p e r t h e r m i a .  Such an e f f e c t  c a n ,  in p r i n c i p l e ,  r e s u l t  
f rom poor  c o n t r o l  o f  i n t r a - t u m o u r  t e m p e r a t u r e  ( a k i n  t o  poor  r a d i a t i o n  
d i s t r i b u t i o n  in c l i n i c a l  r a d i o t h e r a p y )  but  i t  i s then v e r y  s u r p r i s i n g  
t h a t  o n l y  a s i n g l e  tumour t h a t  r egr ew exceeded  the s i n g l e - c e l l  g r owt h  
t i me f o r  u n t r e a t e d  c e l l s .  In any c a s e ,  the c o n t r o l  o f  i n t r a - t u m o u r
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t em pera tu re  ach ieved  in t h i s  s tudy  is  no worse than t h a t  ach ieved  by 
o th e r  wo rke rs  (Tab le  3 .11)  su g g e s t i n g  th a t  i f  n o n - u n i f o r m i t y  o f  
tem pera tu re  be r e s p o n s ib l e  f o r  t h i s  e f f e c t ,  then the e f f e c t  may be 
q u i t e  g e n e r a l l y  e ncou n te re d  in  h y p e r th e rm ia  re sea rch .
A more s p e c u l a t i v e  e x p l a n a t i o n  f o r  the  observed d is c re p a n c y  c o u ld  be 
t h a t  tumour cu re  by h y p e r t h e r m ia  confo rms to  a ' c o o p e r a t i v e *  p rocess  
whereby e i t h e r  a l l  c e l l s  a re  k i l l e d  o r  s u b s t a n t i a l  numbers s u r v i v e .
Th is  c o u ld  be r e l a t e d  t o  the  degree o f  oedema. I n i t i a l l y ,  a f t e r  
t r e a t m e n t ,  th e re  was c o n s i d e r a b l e  oedema (Tab le  4 .1 )  so c e l l  k i l l  may 
have been a c c e l e r a t e d  by the  oedema, i n f la m m a t io n  and r e s u l t a n t  t o x i n s  
re le ased  as a b y - p r o d u c t  o f  t h i s .
Whatever the e x p l a n a t i o n ,  a deeper u n d e rs ta n d in g  o f  tumour response 
in situ i s  r e q u i r e d  b e fo r e  re g ro w th  de lay  as an e n d - p o i n t  o f  tumour 
response can be c o n f i d e n t l y  accep ted  as p r o v i d i n g  a v a l i d  measure o f  
the  magni tude o f  tumour c e l l  k i l l  ach ieved  by a l t e r n a t i v e  m o d a l i t i e s .
Other c u r a t i v e  reg imes appear t o  have had a d i f f e r e n t  mechanism o f  
c e l l  k i l l .
Calderwood and Dickson ( I 98O) have suggested  t h a t  c e l l s  pass th rough  
severa l  m i to ses  a f t e r  h y p e r t h e r m ia ,  as they  do f o l l o w i n g  X - ra y  t h e r a p y ,  
b e fo re  e x p r e s s in g  l e t h a l  damage. W i th  t h e i r  h e a t i n g  te c h n iq u e  (42*C 
s u r fa c e  te m p e ra tu re  f o r  2 hours )  wh ich  was c u r a t i v e  f o r  the  Yosh ida 
sarcoma im p la n ted  on r a t  f e e t ,  p r o l i f e r a t i n g  c e l l s  were found 6 days 
a f t e r  t r e a t m e n t .  However,  u s in g  the  p re s e n t  sys tem, in wh ich  tumours 
were heated t o  t e m p e ra tu r e s  o f  42-46*0  f o r  1 h o u r ,  they sh rank  w i t h i n  
48 hours o f  t r e a tm e n t  in  c u r a t i v e  reg imes,  f o l l o w i n g  the oedema. Where 
no oedema o c c u r r e d  ( a t  s u b - c u r a t i v e  te m pe ra tu res )  th e re  was l i t t l e
F ig u re  4 .9
P ho tom ic rog ra ph  o f  a j u s t  p a l p a b le  tumour 
( rep rodu ced  f rom xlOO)
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a l t e r a t i o n  in g rowth  r a t e  and no c u re .
Regrowth a f t e r  h y p e r th e r m ia  took  p la c e  w i t h i n  a s i m i l a r  t ime span to  
t h a t  wh ich  m ig h t  have been a n t i c i p a t e d  f rom the r e s u l t s  o f  the 
d i l u t i o n  assay s t u d i e s  i f  one c o n s i d e r s  t h a t  re g row th  has taken p la ce  
f rom o n l y  a few re m a in in g  c e l l s  surrounded by dead and dy ing  c e l l s  
( th e  e q u i v a l e n t  o f  the  LI c e l l s  in  the  a ssay ) .  These s tu d ie s  have shown 
a ' s t a t i o n a r y  phase'  d u r i n g  e a r l y  s tages  In tumour g row th ,  wh ich  
appears t o  have been r e l a t e d  to  inoculum s i z e ,  b u t  wh ich  is  a l s o  
a s s o c ia te d  w i t h  a v a r i a b l e  t im e  lag  b e fo re  v a s c u l a r i s a t i o n  took  p la c e ,  
as has been p o s t u l a t e d  by o t h e r s  (Folkman, 1974) .  From e xam in a t io n  o f  
the h i s t o l o g y  o f  v e ry  sma l l  tumours d u r i n g  t h i s  ' s t a t i o n a r y  phase'  i t  
appeared t h a t  these  tumours a rose  f rom a r i n g  o f  f o c i  o f  r a p i d l y  
d i v i d i n g  c e l l s  wh ich  soon had a n e c r o t i c  c e n t r e  (see F ig u re  4 . 9 ) .  I t  
has been h y po the s ise d  t h a t  n e c r o s i s  s t i m u l a t e s  i n i t i a t i o n  o f  
v a s c u l a r i t y  (see 2 . 4 . 3 )  and a f t e r  h y p e r th e rm ia  t h e r e  i s  much n e c r o s i s .  
Thus the  s t i m u l a t i o n  f o r  v a s c u l a r i t y  wou ld  take  p la ce  v e ry  q u i c k l y  
a f t e r  h y p e r t h e r m ia .  There  may be no d e la y  in g row th  s i m i l a r  t o  a 
' s t a t i o n a r y  phase'  d u r i n g  re g ro w th  a f t e r  t r e a t m e n t  w i t h  h y p e r th e r m ia .
A l l  t h i s  would  i n d i c a t e  a c c e l e r a t e d  re g row th  a f t e r  Inadequate  th e ra p y .  
Thus in  the c l i n i c a l  s i t u a t i o n  h y p e r th e r m ia  must be used w i t h  g re a t  
c a re .
TABLE 4 .1
TUMOUR DIAMETER ( IN MM) AFTER HYPERTHERMIA 
44*0 /60  MINUTES (SEPARATE ANIMALS)
B e fo re  Immed ia te ly  2 Hours 4 Hours 8 Hours 24 Hours 
T rea tm ent  A f t e r  L a t e r  L a te r  L a t e r  L a te r
7 .5
7 .5
7 .5  
8
7 .5
~3
0
~4
0
~2
-3
0
TABLE 4 . 2
TEMPERATURE CURE STATISTICS FOR TUMOURS HEATED 
FOR ONE HOUR
Temperature
*C
T o ta l  Number o f  
Tumours T re a te d
42 13
42.5 21
43 40
43.5 64
44 309
44.5 31
45 169
45.5 8
TCD^y Level = 43.3°C
TABLE 4 .3
Temperature
°C
Hypoxic Tumours 
NO T re a te d  % Cure
41 4 0
41.5 4 0
42 4 25
42.5 17 35
43 10 40
43.5 9 55
44 6 83
44.5 9 88
45 6 100
45.5 4 100
o, p Days to  Regrow to
^ Cure 10mm
0 7 + 2  
0 9 ± 1.6
32 14.5 ± 3
42 18 ± 5
65 1 9 + 5
65 20 ± 5
80 20 ± 3
88 25
Normoxic Tumours 
N° T re a te d  X Cure
10 0
10 0
13 0
21 0
40 32
64 42
309 65
31 65
169 85
TABLE 4 . 4
DOSE CURE STATISTICS FOR X - IRRADIATED TUMOURS 
(ABDELAAL, 1979)
n T o ta l  Number o f  q, « Days t o  Regrow toDose T ^ Cure ^Tumours T re a te d  10mm
50Gy 63 0 38.5±3
55 15 6 4 2 .2 + 4 .4
60 32 22 6 6 . 5±3 .8
65 32 44 7 5 .8+ 5 .3
70 34 71 8 7 .4 ±1 2 .4
75 24 79
80 10 100
TCD37 Level  = 63*5Gy
TABLE 4 . 5
STATISTICS OF GROWTH DELAY FOR TUMOURS RECURRENT 
AFTER X - IRRADIAT ION AND HYPERTHERMIA AT OR 
NEAR THE TCD37 TREATMENT LEVEL
TCD37 t r e a tm e n t  le v e l
X-Radi  a t  i on
63.5Gy
H yper the rm ia  
43-3°C f o r  1 hour
Trea tm en t  group c l o s e s t  to 
TCD37 l e v e l 65Gy 43*5°C f o r  1 hour
Number o f  tumours r e c u r r e n t  
in c l o s e s t  t r e a tm e n t  group 1 8 /3 2 38/64
Mean g ro w th  de lay 6 9 . 5 days 1 8 . 2 days
Standard  d e v i a t i o n  o f  g rowth  2^ 3 davs 
de lay  ‘ ^ 6 . 7  days
A b s o lu te  range o f  g row th  
de lay 50-120 days 10-49 days
Note
As clamped and undamped tumours d id  n o t  d i f f e r  
s i g n i f i c a n t l y  in  t h e i r  response t o  i r r a d i a t i o n  
(A b d e la a l ,  1979) they  a re  c o n s id e re d  t o g e t h e r .  
Only undamped tumours a re  in c lu d e d  In the  
h y p e r th e rm ia  r e s u l t s .
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5.0 COMPARISON OF METASTATIC RATES AFTER DIFFERENT TREATMENTS
5.1 In t  roduc 11 on
5.2.1 Cellular Mechan-isms Related to Metastatic Spread
The work o f  F i d l e r ,  Gersten  and H a r t  (1978) suggests t h a t  a neoplasm 
may c o n s i s t  o f  hete rogeneous p o p u l a t i o n s  o f  c e l l s  w i t h  d i f f e r e n t  
c a p a b i l i t i e s  o f  i n v a s io n  and m é ta s ta sé s .  Only some o f  them may be 
capab le  o f  i n v a s i o n ,  and o f  these  even fewer  may s u r v i v e  the h o s t i l e  
env i ronm en t  o f  the b lo od s t re a m  to  be a r r e s t e d  in smal l  v e s s e l s ,  as in  
the lung ,  e x t r a v a s a t e  i n t o  the  parenchyma, escape hos t  defence 
mechanisms,  and f i n a l l y  grow i n t o  m é tas tasés .  Métas tasés may come 
about  by severa l  mechanisms;  some o f  these may be deduced f rom 
h i s t o l o g y ,  o r  f rom c e l l  s u r f a c e  changes t h a t  can be seen in n e o p l a s t i c  
t ra ns fo rm e d  c e l l s  c u l t u r e d  in vivo (Poste  and F i d l e r ,  I 9 8 O ) ,  or  by 
f o l l o w i n g  p a t t e r n s  o f  c i r c u l a t i o n  o f  l a b e l l e d  tumour c e l l s  (Glaves 
and Weiss,  1976) .
Sugarbaker and Ketcham (1977) suggested  t h a t  gaps in  the e n d o th e l iu m  
caused by the r a p id  t u r n o v e r  and shedd ing  o f  e n d o t h e l i a l  c e l l s  c o u ld  
f a c i l i t a t e  tumour c e l l  m i g r a t i o n  o u t  o f  the  c a p i l l a r i e s .  I n t e r ­
c e l l u l a r  j u n c t i o n s  o f  e n d o th e l i u m  may open up d u r i n g  c e l l  d i v i s i o n  
(S herw in ,  1976) a l s o  tumour a s s o c i a te d  v e s s e l s  a re  d e f e c t i v e  and 
t h e r e f o r e  perhaps s u s c e p t i b l e  t o  p e n e t r a t i o n .  Tumour c e l l s  w i t h  
inc reased  d e f o r m a b i 1 i t y  (Sa to  and S uzu k i ,  1976) can take advantage o f  
smal l  gaps in b lo od  v e s s e l  e n d o th e l iu m  and th rou gh  inc reased  m o t i l i t y  
pass th rough  ve sse l  w a l l s  (Wood, Baker and M a rz o c c h i ,  1967).  The 
adhes ion  o f  tumour c e l l s  t o  e n d o th e l iu m  may lead to  damage to  the 
vesse l  w a l l ,  perhaps a s s o c i a t e d  w i t h  re le a s e  o f  p r o t e o l y t i c  enzymes,  
such as c o l l a g e n a s e ,  f rom the  tumour c e l l s ,  o r  the a g g re g a t io n  o f
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p l a t e l e t s  a t  the s i t e  o f  lodgement may re le a s e  m e d ia to rs  th a t  may 
c o n t r i b u t e  to  v a s c u l a r  spasm, thus in d u c in g  p e r m e a b i l i t y  and m o t i l i t y  
o f  tumour c e l l s  (Gasîc  e t  a l ,  1973).
There appear to  be ma jo r  b ioche m ica l  d i f f e r e n c e s  and d i f f e r e n t  enzyme 
s u r f a c e  p r o p e r t i e s  between tumour c e l l  l i n e s  t h a t  m e ta s ta s i s e  r e a d i l y  
and those  t h a t  do no t  ( F i d l e r ,  1973a) .  These may be r e l a t e d  to  tumour 
c e l l  s u r f a c e  ch a rg e s ,  l e v e l  o f  s u r f a c e  enzymes, le v e l  o f  f i b r i n  
s u r ro u n d in g  the c e l l ,  h os t  b lood  c l o t t i n g  mechanisms and e n d o t h e l i a l  
w a l l  p r o p e r t i e s  ( F i d l e r ,  1976).
The m a l i g n a n t  p r o p e r t i e s  o f  tumour c e l l s  have been a t t r i b u t e d  in p a r t  
to  t h e i r  reduced a d h es ive ness .  Coman (1944 ,1953)  showed t h a t  c e l l s  
co u ld  be detached more e a s i l y  f rom c e r t a i n  carc inomas than f rom 
c o r re s p o n d in g  normal t i s s u e s ,  and suggested t h a t  the  mutual 
adhes iveness  o f  m a l i g n a n t  c e l l s  in  genera l  was in  some way d e f e c t i v e ,  
hence t h e i r  tendency t o  m e t a s t a s i s e .  The v ie w  o f  Coman has been 
q ue s t io ne d  because some o f  the  c o n t r o l s  in h i s  e x p e r im e n ta l  p rocedu re  
may no t  have been adequa te .  However the  ro und ing  up o f  m i t o t i c  c e l l s  
in c u l t u r e ,  and t h e i r  decreased a t tachm en t  t o  o t h e r  c e l l s  is  a w e l l  
known f a c t ,  so because t h e re  a re  a lways c e l l s  in  m i t o s i s  in tumours ,  
t h i s  c o u ld  be one o f  the  f a c t o r s  t h a t  f a c i l i t a t e  shedd ing .
As the  p r im a ry  tumour mass grows in s i z e  i t  e x e r t s  mechan ica l  p re s s u re  
on the s u r r o u n d in g  normal t i s s u e .  Eaves (1973) proposed t h a t  the 
r a p i d l y  p r o l i f e r a t i n g  tumour c e l l s ,  possess ing  a h i g h e r  i n t r a c e l l u l a r  
osm o t i c  p re s s u r e  than the  normal c e l l ,  f o r c e  t h e i r  way a lo ng  l i n e s  o f  
weakness in hos t  t i s s u e s .  Spread ing by i n f i l t r a t i o n  a lo ng  l i n e s  o f  
weakness may no t  be c o m p le te l y  d i f f e r e n t  f rom m e t a s t a t i c  sp read .  A
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h ig h e r  o s m o t i c  p re s s u r e  may a l s o  f a c i l i t a t e  shedd ing o f  tumour c e l l s .  
S i m i l a r l y  one may f i n d  i s o l a t e d  tumour c e l l s  near tumours wh ich  a re  
f r e q u e n t l y  shown by s e r i a l  s e c t i o n s  to  have no c o n t i n u i t y  w i t h  the 
n e ig h b o u r in g  tumour ( S t r a u l i  and Weiss, 1977). Th is  appears n o t  to  
be the case w i t h  the  C3H tumour ,  s ince  s u r g i c a l  e x c i s i o n  r e s u l t e d  in  
so few r e g r o w th s ,  so f rom t h i s  i t  would appear t h a t  even a pseudo­
c apsu le  would make s u rg e r y  a t re a tm e n t  o f  c h o i c e .
The f i n a l  g ro w th  o f  secondary  tumours re p re sen ts  the  end p o i n t  o f  many 
d e s t r u c t i v e  e v e n ts  f rom wh ich  few tumour c e l l s  p ro b a b ly  s u r v i v e .  The 
presence o f  tumour c e l l s  in  the b lood  is  in  i t s e l f  no p o s i t i v e  
i n d i c a t i o n  o f  d i s t a n t  m é ta s ta s é s ,  however f rom the r e s u l t s  o f  a lung  
co lony  assay where d i f f e r e n t  numbers o f  tumour c e l l s  were i n j e c t e d  
i n t r a v e n o u s l y  (see 5- 2 . 2) i t  appears t h a t  the m e t a s t a s i s i n g  p o t e n t i a l  
is  d i r e c t l y  r e l a t e d  t o  the  numbers o f  tumour c e l l s  c i r c u l a t i n g  a t  any 
one t im e .  I t  has been fou n d ,  however,  t h a t  l a r g e  tumour embol i  a re  
more e f f e c t i v e  a t  i m p l a n t a t i o n  than s m a l le r  ones ,  when g iv e n  by 
i n t r a v e n o u s  i n j e c t i o n  ( F i d l e r ,  1973b).  Thompson (1974) found t h a t  
s i n g l e  c e l l s  f rom spontaneous animal  tumours d i d  n o t  g i v e  r i s e  t o  lung 
m é ta s ta sé s ,  however a gg reg a tes  d id  in p r o p o r t i o n  t o  the s i z e  o f  the 
a gg re g a te s .  I t  i s  o f  i n t e r e s t  to  n o te ,  in t h i s  work  by Thompson, 
t h a t  s i n g l e  c e l l s  f rom passaged tumours d i d  g i v e  r i s e  to  lung c o l o n i e s  
T h is  may m ere ly  be an i n d i c a t o r  o f  the h ig h e r  p r o p o r t i o n  o f  c l o n o g e n ic  
c e l l s  in  t r a n s p l a n t e d  tumours ,  o r  may i n d i c a t e  a l s o  a change in 
m e ta s ta s e s - f o r m in g  a b i l i t y  d u r i n g  t r a n s p l a n t a t i o n ,  perhaps because o f  
changes in c e l l  s u r f a c e  p r o p e r t i e s .
Tumour c e l l s  o f t e n  e n t e r  the l y m p h a t i c  system and t r a v e l  to  re g io n a l  
lymph nodes.  T h is  is  the most common ro u te  o f  d i s s e m i n a t i o n  o f
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c a rc in om as ,  w h i l e  sarcomas tend to  spread v i a  the b lood  st ream.
Th is  is  the re v e rs e  o f  the  p o s i t i o n  in  the p re sen t  tumour wh ich  
shows b lo o d - b o r n e  spread (see 5. 2.3)-  C e l l s  are n o t  a lways t rapped 
by the  f i r s t  o b s t a c l e  met .  V a r i o u s  f a c t o r s  can a id  in  the a r r e s t  
o f  tumour c e l l s .
Many tumour c e l l s  a re  h i g h l y  th rom bop1 a s t i c  and e l i c i t  f i b r i n  
f o r m a t i o n  (Chew, Josephson and W a l la c e ,  1976). T h is  c o a t i n g  o f  f i b r i n  
may a l t e r  t h e i r  e v e n tu a l  a r r e s t  in  the  c a p i l l a r i e s  (Warren,  1973).  
A c t i v e  a t t a c h m e n t  o f  tumour c e l l s  to  the v a s c u l a r  e n d o th e l iu m  must 
thus be d i s t i n g u i s h e d  f rom p a s s i v e  lodgement.  The a t ta ch m e n t  is  
p ro b a b ly  f a c i l i t a t e d  by s e v e r a l  f a c t o r s .  The r e l a t i o n s h i p  o f  f i b r i n  
and i t s  e f f e c t  on a r r e s t  and s u r v i v a l  has been e x t e n s i v e l y  s t u d ie d  and 
f i b r i n  appears t o  f a c i l i t a t e  lodgement s in c e  a n t i - c o a g u l a n t s  
a d m in i s te r e d  b e f o r e  IV i n j e c t i o n  o f  tumour c e l l s  can reduce the 
in c id e n c e  o f  e x p e r im e n ta l  m é ta s ta s é s .  The e f f e c t  o f  these a n t i ­
c o a g u la n t s  i s  t o  reduce the l e v e l  o f  f i b r i n .  W a r f a r i n  has been used 
on C3H mice im p la n te d  w i t h  KHT sarcoma wh ich  m e ta s ta s i s e s  spon taneous ly  
to  the lu ng .  There  is  e v id en c e  t h a t  t h i s  a n t i - c o a g u l a n t  reduces the 
number o f  lung d e p o s i t s  by a c t i n g  on the h o s t ' s  c l o t t i n g  mechanism 
(B row n , 1973).
An a s s o c i a t i o n  between the g r o w th ,  me ta s tas^i ng. p o t e n t i a l  o f  tumours 
and the f o r m a t i o n  o f  f i b r i n  has been the s u b j e c t  o f  many p u b l i c a t i o n s .  
O'Meara (1958) sugges ted  t h a t  g row th  o f  a tumour i s  c o n d i t i o n a l  on the 
p r i o r  f o r m a t i o n  o f  a f i b r i n  l a t t i c e  in the a d j a c e n t  tumour bed, and 
th a t  t h i s  f o r m a t i o n  i s  m a in t a i n e d  by the tumour c e l l s  themse lves.  
F i b r i n  f o r m a t i o n  may be s t i m u l a t e d  by t re a tm e n t  o f  tumours w i t h  r a d i o ­
the rapy  o r  h y p e r t h e r m ia  (see 5. 1. 2) .
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Ano th e r  f a c t o r  wh ich  may be in v o l v e d  in m e t a s t a t i c  spread is  the 
tumour a n g io g e n e s is  f a c t o r  (TAP). I t  i s  r e s p o n s ib l e  f o r  tumour 
g rowth  a f t e r  a s o l i d  tumour reaches a s i z e ,  where f u r t h e r  g rowth  i s  
l i m i t e d  by a b s o r p t i o n  o f  oxygen and n u t r i e n t s  and the  d is p o s a l  o f  
was tes .  T h is  l i m i t a t i o n  is  overcome by c o nn e c t i on  o f  the  neoplasm 
to  a bed o f  c a p i l l a r y  b lo od  v e s s e l s .  These do n o t  o r i g i n a t e  in the 
tumour bu t  a re  e l i c i t e d  f rom the hos t  by the a p p a r e n t l y  d i f f u s i b l e  
TAP (P o lkman , 1974).  T h i s  has been e x t r a c t e d  f rom a v a r i e t y  o f  tumours 
by Gimbrone e t  a l  (1 972 ) .  These worke rs  d e l i b e r a t e l y  caused the  a r r e s t  
a t  a sma l l  s i z e  o f  a homologous s o l i d  tumour,  by p r e v e n t i n g  
n e o v a s c u l a r i s a t  i o n . T h i s  was observed  by i m p la n t i n g  tumours in the 
v a s c u l a r  i r i s  and in  the  a v a s c u la r  a n t e r i o r  chamber o f  the  eye o f  a 
r a b b i t .  Only n e o p l a s t i c  c e l l s  were a b le  t o  e l i c i t  the  s t i m u l a t i o n  o f  
v a s c u l a r i s a t i o n  wh ic h  c o u ld  be observed  i f  the im p la n t  o f  n e o p l a s t i c  
c e l l s  was p laced  w i t h i n  2mm o f  the  i r i s .  Thus the  TAP was a b le  to  
d i f f u s e  ove r  2mm t o  cause the  v a s c u l a r i s a t i o n .
Coman (1944,1953) showed t h a t  a loss  o f  adhesion  t h a t  has been found in 
n e o p l a s t i c  c e l l s  was accompanied by an in c re as e  In ‘ s t i c k i n e s s ' , i . e . t e n d e n c y  
to  adhere to  o t h e r  t ypes  o f  c e l l s ,  wh ic h  was found to  be organ s p e c i f i c .  
Organ d i s t r i b u t i o n  in m é tas tasé s  shows t h a t  tumour c e l l s  p la y  an 
im p o r ta n t  r o l e  in d e t e r m i n i n g  t h e i r  u l t i m a t e  f a t e .  Organ s p e c i f i c i t y  
has been shown in e x p e r im e n ts  where p ie ces  o f  lung and o t h e r  organs 
have been im p la n te d ,  s u b c u ta n e o u s ly ,  and tumour c e l l s  n o r m a l l y  a r r e s t e d  
in the lung d id  lodge p r e f e r e n t i a l l y  in  t h i s  lung im p la n t  (S ugarbaker ,
Cohen and Ketcham, 1971).  The p r e s e n t  tumour has a l s o  shown some 
organ s p e c i f i c i t y  when i t  m e ta s ta s i s e d  a f t e r  t r e a tm e n t  (see 5. 2. 3) .
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5,1.2 Investigations into Treatment Techniques Which Might 
Stimulate Metastatic Spread
Promot ion o f  mé tas tasés  by r a d io t h e r a p y  has been i n v e s t i g a t e d  in v a r i o u s  
animal s t u d i e s .  H e w i t t  and Blake  (1977) found t h a t  p r e - i r r a d i a t i o n  o f  
r e c i p i e n t  mice w i t h  s u b - l e t h a l  who le -body  i r r a d i a t i o n  gave in c reased  
métas tasés  in  r e g io n a l  lymph nodes and lungs and o t h e r  sys tem ic  
m é tas ta sé s .  From t e s t s  c a r r i e d  o u t  by H e w i t t  and B lake  t h i s  enhancement 
was c o n s id e re d  u n l i k e l y  t o  be caused by immunosuppress ion.  The tumour 
used was non- immunogen ic and the  e f f e c t  p e r s i s t e d  long a f t e r  the 
expec ted  t im e  o f  re c o v e ry  o f  immune r e a c t i v i t y .  H e w i t t  and Blake  
gave good reasons t o  sugges t  t h a t  the r e s u l t  may r e l a t e  to  s t o r e d  
l e t h a l  r a d i a t i o n  damage to  m i g r a t i n g  c e l l s  o f  s low  t u r n - o v e r  t i s s u e s  
perhaps g i v i n g  r i s e  t o  i n f la m m a t io n  in the  lu n g s ,  and have a l s o  
p o s t u l a t e d  t h a t  in f lammation o r  c o n g e s t i o n  o f  the  lungs  caused by p r e -  
i r r a d i a t i o n  o f  the lungs o f  e x p e r im e n ta l  a n im a ls  gave r i s e  to  
in c reased  m é ta s ta sé s .  T h is  has a l s o  been found by F i d l e r  and Zeldman 
( 1972) and van den Brenk and K e l l y  (1974 ) ,  a f t e r  l o c a l  i r r a d i a t i o n  o f  
the  lung .  In these  s t u d i e s  a r r e s t  may have r e s u l t e d  p u r e l y  because 
o f  an in c re ase d  mechan ica l  lodgement caused by the  l o c a l  i n f la m m a t io n  
and oedema, or  because i n f la m m a t io n  is  n o r m a l l y  a s s o c i a t e d  w i t h  
in c reased  lo c a l  p resence  o f  f i b r i n ,  wh ich  can fo rm  a m a t r i x  
advantageous f o r  the  tumour c e l l s '  a r r e s t  and g ro w th .
There have been s e v e r a l  r e p o r t s  o f  in c re ase d  m e t a s t a t i c  ra t e  in mice 
a f t e r  t r e a t i n g  lo c a l  tumours w i t h  X - ra y s .  K re b b s ( l9 2 9 )  noted  pulmonary 
métas tasés  in  24% o f  c o n t r o l  t u m o u r - b e a r in g  a n im a ls  as compared w i t h  
37% o f  those  w i t h  l o c a l l y  i r r a d i a t e d  tumours.  He however a s c r ib e d  
t h i s  d i f f e r e n c e  to  the s l i g h t l y  longe r  average s u r v i v a l  t ime o f  the 
l a t t e r  group r a t h e r  than to  the  e f f e c t  o f  the  i r r a d i a t i o n .  Inc rease
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in m e t a s t a t i c  r a t e  o f  mammary carc inoma in mice a f t e r  lo ca l  tumour 
i r r a d i a t i o n  has been r e p o r te d  both  in spontaneous (Kaae, 1953) and 
t r a n s p la n te d  tumours (Kaplan and Murphy,  1949; von Essen and Kap lan ,  
1950; S u i t ,  S e d la c e t  and G i l l e t t e ,  1970; Sheldon e t  a l ,  1974) - see 
Table W h i le  Kaae found 22% pulmonary métas tasés  a f t e r
ra d io th e r a p y  was s i g n i f i c a n t l y  d i f f e r e n t  f rom 5.4% in c o n t r o l s ,  a f t e r  
b iopsy  he found 11.4% wh ich  was n o t  found to  be s i g n i f i c a n t l y  d i f f e r e n t  
f rom c o n t r o l s .  Sheldon e t  al found the in c id e n ce  o f  métas tasés  a f t e r  
t r e a tm e n t  w i t h  X - ra y s  and su rg e ry  were s i m i l a r l y  dependent  on whe the r  
the lo ca l  tumour was cu red  o r  n o t .
A f t e r  su c c es s fu l  t r e a tm e n t  o f  the lo ca l  tumour the métas tasés  r a te  was
found to  be 8%, w h i l e  the r a t e  when th e re  was no lo c a l  cu re  was 35%. 
They found a peak t im e  o f  in c id e n c e  o f  métastasés wh ich was independent  
o f  the t im e  d u r i n g  the  t u m o u r ' s  h i s t o r y  t h a t  the t re a tm e n t  was c a r r i e d  
o u t .
Von Essen and Kap la n ,  as a r e s u l t  o f  e xpe r im en ts  where t h e r e  was 
i r r a d i a t i o n  a t  a non - tumour  s i t e ,  o r  i r r a d i a t i o n  o f  tumour c e l l s  i n  
vitro w i t h  subsequent  i m p l a n t a t i o n ,  co n s ide re d  t h a t  the X - ra y s  
p ro ba b ly  f a c i l i t a t e d  e n t r y  o f  tumour c e l l s  i n t o  b lo od  v e s s e l s .
In s t u d ie s  o f  combined chemotherapy and r a d io th e r a p y  on p r im a ry  
tumours Moore and Dixon (1977) found t h a t  the e x t e n t  o f  d i s s e m in a t i o n  
o f  mé tas tasés  in r a t s  was g r e a t e r  where the t re a tm e n t  i n c lu d e d  
cyc lophosphamide .  T h i s  chem ica l  is  a p o te n t  immunosuppressive a g e n t ,  
in the dose rcuige used ( H a r r i s  e t  a l ,  1976) so t h i s  c o u ld  have
p o t e n t i a t e d  the m é tas tasés  by reduc ing  the immune s u r v e i l l a n c e  in the
an ima ls  so t r e a t e d ,  a l l o w i n g  tumour c e l l s  t o  lodge and c l o n e .
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Host  immuni ty  a g a i n s t  neoplasms m ig h t  be expec ted  to  d e s t ro y  m a l ig n a n t  
c e l l s  b e fo re  o r  d u r i n g  m e t a s t a t i c  sp read .  By s t i m u l a t i n g  immuni ty  
Ba ldw in  and Pimm (1974) found enhanced p r o t e c t i o n  a g a in s t  IV 
i n j e c t i o n  o f  tumour c e l l s ,  however m a n ip u la t i o n  o f  hos t  immuni ty  can 
have q u i t e  the o p p o s i t e  e f f e c t ,  r e s u l t i n g  in tumour enhancement 
( F i d l e r ,  1974 ) .
I t  has been suggested  t h a t  im m un oge n ic i t y  o f  tumour c e l l s  is enhanced 
by h e a t i n g  (Mondovi e t  a l ,  1972).  T h is  m ig h t  accoun t  f o r  the 
o b s e r v a t i o n  t h a t  a hea t  t re a tm e n t  wh ich  is inadequate  to  s t e r i l i s e  
a l l  the  c e l l s  in  a tumour,  when t h i s  i s  t e s t e d  by t r a n s p l a n t a t i o n  o f  
the tumour ,  may s t e r i l i s e  the  tumour i f  l e f t  in situ ( S u i t ,  1977;
Marmor,  Hahn and Hahn, 1977) .  Shah and Dickson (1978) have i n d i c a t e d  
t h a t  immunogenic tumours a re  more r e a d i l y  cu red  by heat  than non­
immunogen ic  tumours.  Heat in some ways appears to  s t i m u l a t e  the immune 
system. I t  has been dem ons t ra ted  by Shah and Dickson t h a t  re g re s s io n  
o f  the VX2 carc inoma in  the r a b b i t  a f t e r . l o c a l  h y p e r t h e r m ia ,  was 
accompanied by s t i m u l a t i o n  o f  a h o s t  a n t i - t u m o u r  immune response.  I t  
is  no t  c l e a r ,  however,  w he the r  t h i s  is  a p p l i c a b l e  t o  non- immunogenic 
tumours and o f  course  many human tumours a re  non- immunogenic.  Dickson and 
E l l i s  ( 1974) sugges ted  t h a t  a f t e r  l o c a l  h y p e r t h e r m i a * ^ b s o r p t i o n  o f  
dead c e l l s  leads to  p o t e n t i a t i o n  o f  the immune response w i t h  
d e s t r u c t i o n  o f  m é tas tasés  wh ich  d i d  n o t  happen a f t e r  r a d i o t h e r a p y ;  however 
the tumour system used in D ic k s o n ' s  s tudy  has an a r t  i f  a c tu a l  immuni ty  w h ic h ,  
a c c o r d in g  to  H e w i t t  ( 1 9 7 6 ) ,  makes i t  u n s u i t a b l e  to  i n v e s t i g a t e  normal 
immune responses.  C e l l  damage, by w ha te ve r  means, g iv e s  r i s e  to  some 
k in d  o f  immune response but  t h i s  is  hard to  q u a n t i f y .  There are 
c o n t r a d i c t o r y  r e s u l t s  f rom d i f f e r e n t  s t u d i e s  i n t o  the invo lvement  o f  
host  Immuni ty w i t h  m é tas ta sé s  so the s i t u a t i o n  is  f a r  f rom re s o lv e d .
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Pete rs  (1975) se t  up a system to  t e s t  whether o r  no t  m a n ip u la t i o n  
o f  tumours in c rease d  the  m e t a s t a t i c  r a t e ,  and found no s i g n i f i c a n t  
in c rease  a f t e r  normal h a n d l i n g  p rocedu res .  However, a l t h o u g h  g r e a t  c a re  
was taken in the  p re s e n t  s tudy  to  a vo id  undue m a n ip u la t i o n  when m easur ing  
tumours i t  was r e a l i s e d  t h a t  the  f i n d i n g s  o f  P e te rs  would n o t  
n e c e s s a r i l y  ho ld  f o r  t h i s  p a r t i c u l a r  tumour.  Kaplan 
and Murphy a l s o  i n v e s t i g a t e d  the  e f f e c t  o f  hand l i n g , d u r i n g  t h e i r  
i n v e s t i g a t i o n  i n t o  the  e f f e c t  o f  X - r a y s ,  by having  a c o n t r o l  group 
which was hand led i d e n t i c a l l y  t o  those  in the  t r i a l .  S ince no m étas tasés  
were observed in t h i s  g roup  (0 o u t  o f  13) they conc luded  t h a t  the  
m a n ip u la t i o n  was no t  a s i g n i f i c a n t  f a c t o r  in the  f o r m a t i o n  o f  m é tas tasés  
in t h e i r  system. However,  numbers were too  smal l  t o  s u b s t a n t i a t e  t h e i r  
c l a im  t h a t  h a n d l i n g  caused no m é tas tasés .
In fo r m a t io n  c o n c e rn in g  the  e f f e c t  o f  t r e a tm e n t  on métas tasés  can be 
o b ta in e d  by compar ison  o f  the  in c id e n c e  in u n t r e a t e d  an ima ls  w i t h  t h a t  
in t r e a t e d  a n im a l s .  T h i s  i n f o r m a t i o n  i s  n o t  a lways a v a i l a b l e  when the  
g rowth  r a t e  o f  the  p r im a r y  tumour i s  so f a s t  as to  n e c e s s i t a t e  k i l l i n g  
the animal  ( f o r  humane reasons) b e fo r e  the  t ime t h a t  the métas tasés  
w i l l  become e v i d e n t .  The p rob lem as to  whe the r  a p a r t i c u l a r  t r e a tm e n t  
a c t u a l l y  causes m é tas tasés  is  v e ry  d i f f i c u l t  t o  r e s o lv e  u n less  a base­
l i n e  m e t a s t a t i c  r a t e  can be found and o f t e n  the  bes t  one can do is  to  
f i n d  a co m p a ra t i v e  m e t a s t a t i c  r a t e  f o r  d i f f e r e n t  m o d a l i t i e s .
In t h i s  t h e s i s  the e f f e c t  o f  h y p e r th e r m ia  u s in g  d i f f e r e n t  te m p e ra tu re  
regimes on a lo c a l  tumour has been compared w i t h  t h a t  o f  r a d io t h e r a p y  
and s u rg e r y .  The p o s s i b i l i t y  o f  h a n d l in g  c a u s in g  an inc reased  
m e t a s t a t i c  r a t e  has been c o n s id e re d  and a l l  h a n d l i n g  p rocedures  were 
s ta n d a r d i s e d  where p r a c t i c a b l e .  Other f a c t o r s  wh ich  cou ld  have made
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i n t e r p r e t a t i o n  o f  r e s u l t s  d i f f i c u l t  (see 2 . 4 . 1 )  have been co n s id e re d  
and e xc luded  where p o s s i b l e .
5.2 Methodology and R e s u l t s  o f  Exper imen ta l  T r i a l s
5 . 2 . 1  S u rge ry  and  A n a e s th e t ic  Techn iques
5 . 2 . 1 . 1  Mouse a n a e s th e s ia
For s u r g i c a l  r e s e c t i o n  o f  tumours a co m b in a t io n  o f  a s e d a t i v e  a n a lg e s i c  
and a t r a n q u i l  i s e r  was used t o  produce c e n t r a l  nervous  dep ress ion  
app roach in g  gene ra l  a n a e s th e s ia  -  n e u r o l e p t a n a l g e s i a  (Green,  1975).
The a n a lg e s i c  used was Hypnorm wh ich  i s  a s o l u t i o n  o f  0.315mg per ml 
f e n t a n y l  c i t r a t e  and 1Omg per  ml f l u a n i s o n e .  The s e d a t i v e  was Va l ium
which  is  5mg per ml diazepam,. These tech n iq ue s  were adapted f rom
Green.
Dosage :
( i )  Hypnorm: The recommended dose is  1ml per  2 .0kg  body w e ig h t .  The
average w e ig h t  o f  mice  used in e x p e r im e n ts  was 25g. Hypnorm was
d i l u t e d  1:10 and the  dose then  is  0 .12 5m l .  By e x p e r ie n c e  i t  was
found t h a t  the  b es t  dose was 0 .2 m l .  T h is  was i n j e c t e d  i n t r a -  
per  i t o n e a l l y .
( i i )  V a l ium :  The recommended dose is  5mg per  kg.  Va l ium must be
d i l u t e d  to  a minimum o f  1 :25  o th e r w i s e  s e p a r a t i o n  o ccu rs .  I t  can 
o f  course  be used w i t h o u t  d i l u t i o n  bu t  f o r  the  smal l  amounts 
r e q u i r e d  i t  must be d i l u t e d  to  o b t a i n  a c c u ra c y .  The c a l c u l a t e d  
dosage is  0.625ml per  mouse. The f i n d i n g s  in t h i s  work  were t h a t  
0. 3ml o f  the d i l u t e d  d rug  was s u f f i c i e n t ,  though f o r  s l i g h t l y  
l a r g e r  mice 0.4ml was r e q u i r e d .  T h is  was a l s o  i n j e c t e d  i n t r a -  
p e r i  t o n e a l l y  im m ed ia te ly  f o l l o w i n g  the  i n j e c t i o n  o f  Hypnorm.
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S u r g i c a l  Techn ique :
The animal  was ready  f o r  s u rg e r y  in 10-15 m inu tes  a f t e r  i n j e c t i o n s .
Th is  was t e s te d  by n o t i n g  eye r e f l e x .  Mice a re  s t i l l  m o b i le  and make 
' p a d d l i n g '  movements w i t h  t h e i r  l imbs so must be taped down f o r  
s u rg e r y .  To p re pa re  the  animal  h a i r  was removed and s k in  swabbed w i t h  
c h io r h e x id e n e  (5% in 70% EtOH) . Using  s c i s s o r s  s k in  was i n c i s e d  
round the  tumour .  An e l l i p t i c a l  p ie c e  o f  s k in  was removed making the  
wound e a s i e r  to  c l o s e .  Tumour and s k in  were c a r e f u l l y  f r e e d  f rom 
u n d e r l y i n g  c o n n e c t i v e  t i s s u e .  The wound was c lo s e d  w i t h  c l i p s .  The 
tumour and a t t a c h e d  s k in  were k e p t  f o r  h i s t o l o g y  t o  see i f  a c o r r e l a t i o n  
between area o f  s k in  removed and re c u r re n c e  c o u ld  be found .  I t  was th o u g h t  
t h a t  re c u r re n c e s  m ig h t  a r i s e  f rom s a t e l l i t e  tumours a t  the  o r i g i n a l  s i t e  
o f  i n j e c t i o n .  No c o r r e l a t i o n  was found .  There was o n l y  1 r e c u r re n c e  
ou t  o f  64 a n im a ls  t r e a t e d .
The m o u s e  must be k e p t  warm d u r i n g  the  recove ry  p e r i o d  in an a i r y  box.  
R e s p i r a t o r y  d e p re s s io n  does o c c u r  and i f  t h i s  becomes s e r i o u s  a 
r e v e r s i n g  agent  can be used. Neonatal  Narcan (0.02mg malonone 
h y d r o c h l o r i d e  per  m l ) .  Dosage i s  O.Olmg per kg.  Dose g ive n  was Narcan 
d i l u t e d  1:10 and 0. 125ml was the  c o r r e c t  dosage f o r  the  s i z e  o f  animal  
used.  In p r a c t i c e  0.2ml was g i v e n .  A l l  d i l u t i o n s  were made in  normal 
s a l i n e .  The Narcan may be g iven  a t  15-30 m in u te  i n t e r v a l s  u n t i l  
symptoms a re  r e l i e v e d .
5.2.2 Lung Colony Assay
A lung co lo n y  assay was c a r r i e d  o u t  to  d e te rm ine  w he the r  t h e r e  was a 
r e l a t i o n s h i p  between the  number o f  tumour c e l l s  c i r c u l a t i n g  in the b lo od  
and the number o f  lung m é ta s ta sé s .  To c a r r y  ou t  t h i s  assay a s i n g l e  
c e l l  suspens ion  was p re p a re d  as f o r  a normal t r a n s p l a n t  and d i l u t e d
o
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a p p r o p r i a t e l y  as in a d i l u t i o n  assay.  0 . 2ml o f  the f i n a l  suspens ion 
was i n j e c t e d  i n t r a v e n o u s l y  I n t o  the l a rg e  v e in  a t  the top o f  the  t a i l .
In o rd e r  t o  f a c i l i t a t e  t h i s ,  and because the  v e in  is  d i f f i c u l t  t o  see,  
the an im a ls  were p laced  in  a s u p p o r t i n g  j i g  w i t h  the  t a i l  he ld  
o u t s i d e .  The t a i l  was warmed by s h in i n g  a lamp on i t  d u r in g  the  t ime 
the c e l l  suspension  was be ing  p repa re d .  The s y r in g e  was i n s e r t e d  
a lo ng  the v e in  and the suspension  s lo w ly  r e le a s e d .  Animals were k i l l e d  
14 days l a t e r .  The lungs were removed, f i x e d  in B o u in ' s  s o l u t i o n  then 
c l e a r e d  by p l a c i n g  in  70,  90 then 100% a lc o h o l  then x y l o l .  The lobes 
o f  the lung were se pa ra ted  and the  t o t a l  number o f  c o lo n ie s  coun ted .  
These appeared w h i t e  a g a i n s t  the  p in k  lung t i s s u e .  The r e s u l t s  o f  t h i s  
are  shown in  F ig u r e  5 -1 .  W i t h i n  the  range o f  inoculum s i z e  used an 
in c rease  in the  number o f  tumour c e l l s  i n j e c t e d  gave an inc reased  number 
o f  lung m é tas ta sé s .  W i th  a l a r g e r  inoculum numbers o f  lung tumours 
were unco u n ta b le  as the  tumours had co a lesce d .
The lung co lo ny  assay r e s u l t s  i n d i c a t e d  t h a t  the  system p ro v id e d  a 
reasonab ly  s e n s i t i v e  t e s t  f o r  m é tas tasés .  C o lo n ie s  were observed  as 
e a r l y  as 14 days a f t e r  i n j e c t i o n  o f  5x103 tumour c e l l s  (as a s i n g l e  
c e l l  s u s p e n s io n ) .  T h is  assay would be more s e n s i t i v e  i f :
t h i s  t im e  p e r i o d  were ex tended to  37 days ( th e  mean t im e  f o r  
mé tas tasés  to  become app a ren t )
LI c e l l s  were i n j e c t e d  a lo ng  w i t h  the  tumour c e l l s  as was c a r r i e d  
o u t  by H i l l  and Bush (1969)
shed tumour c e l l s  had a h ig h e r  m e t a b o l i c  r a t e  than i n o c u la t e d  
c e l l s
c e l l s  were n o t  shed s i n g l y ,  s in c e  l a rg e  embol i  have been shown to  
be more e f f e c t i v e  than s i n g l e  c e l l s  in  p ro d u c in g  métas tasés  
( F i d l e r ,  1973b).
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5 .2 .3  P a th o lo g ic a l  I n v e s t i g a t i o n
A utop s ies  were per fo rm ed  to  e s t a b l i s h  whether mice had m e t a s t a t i c  
tumours.  A search was f i r s t  made f o r  macroscopic  métastasés in a l l  
5 lobes o f  the  lungs and in o t h e r  o rgans .  These were then e x c i s e d ,  
f i x e d ,  s e c t i o n e d ,  s t a i n e d  w i t h  haemotoxy l in  and e o s in .  Two or  th re e  . 
s e c t i o n s  were c u t  th rou gh  d i f f e r e n t  p lanes o f  each lobe o f  the lung 
and th rough o t h e r  o rgan s .  An ima ls  were n o t  recorded  as n e g a t i v e  u n t i l  
c a r e f u l  s tudy  o f  a l l  s e c t i o n s  had been comple ted.
S i t e s  and t im es  o f  appearance o f  métastasés a re  shown in F igu res  5*2 
and 5*3.  A l l  mice w i t h  mé tas tasés  had lung m é tas tasés .  Métastasés 
k i l l e d  mice by a p p r o x im a t e l y  37 days a f t e r  t r e a tm e n t  o f  the  p r im a ry  
tumour. By t h i s  t im e  the  l a r g e s t  lung tumours were ove r  3mm d ia m e te r .
The s i z e  d i s t r i b u t i o n  o f  lung  métas tasés  was d i f f i c u l t  t o  a s c e r t a i n  
s in c e  in some cases tumours had coa lesce d .  By 28 days a f t e r  t r e a tm e n t  
lungs had tumours o f  1, 2 and 3mm d ia m e te r ,  t o g e t h e r  w i t h  many o t h e r  
small  tumours (see F ig u r e  5 . 4 ) .
5.2.4 Experimental Trials
T r i a l s  were i n s t i g a t e d  to  compare the  sys tem ic  e f f e c t  o f  h y p e r t h e r m ia ,  
r a d io th e r a p y  and s u r g e r y  on the  l o c a l  tumour.  A f t e r  t r e a t m e n t ,  mice 
were examined d a i l y  f o r  100 days a f t e r  t r e a tm e n t .  I f  the p r im a ry  
tumour r e c u r r e d  these  mice were exc lu ded  f rom the t r i a l ,  a l t h o u g h  a 
note  was kep t  o f  the  cu re  r a t e  s in c e  p re v io u s  work had shown a 
r e l a t i o n s h i p  between t h i s  and m e t a s t a t i c  r a t e  (Sheldon e t  a l ,  1974).  
A u top s ies  were per fo rm ed  on a l l  mice t h a t  d i e d ,  appeared s i c k  o r  had 
r e c u r r e n t  tumours.  M e t a s t a t i c  r a t e  was scored as the  number o f  
h i s t o l o g i c a l l y  proven m é tas tasés  in mice whose l o c a l  tumours had been
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c o n t r o l l e d ,  a t  100 days o r  t im e  o f  d e a th ,  o r  s a c r i f i c e  i f  e a r l i e r .
5. 2. 4 .1  T r i a l  1 ( t a b le  6 .1 )
T r i a l  1 was a r e t r o s p e c t i v e  s t u d y .  In t h i s  the e f f e c t s  o f  h y p e r th e rm ia  
and r a d io t h e r a p y  ove r  a range o f  dose l e v e l s  were compared.
A f t e r  h y p e r th e rm ia  the  m é tas tasés  r a t e  was ve ry  h ig h .  Out o f  5% 
cured m ice ,  7 d ied  u n e x p e c te d ly  p r i o r  t o  r o u t i n e  a u to p s y ,  and 14 were
a u to p s ie d  and found to  have in a l l  cases pulmonary and in  some cases
o th e r  m é tas tasés .  The c u re  r a t e  was o n l y  10% as the h e a t in g  techn ique  
was i n e f f i c i e n t  and no c o l l a r s  were used. For a compar ison  o f  cure  
r a te s  versus  m e t a s t a t i c  r a t e s  in a l l  t r i a l s  see Tab le  5-5-
A f t e r  r a d io t h e r a p y  14 a p p a r e n t l y  cured mice d ie d  u ne xp ec ted ly  and were 
no t  a u to p s ie d .
Tak ing  o n l y  proven m é tas ta s é s ,  the  minimum r a t e  f o r  h y p e r th e rm ia  was 
14/52 o r  27%, wh ich  may be c o n t r a s t e d  w i t h  a maximum r a t e  o f  métas tasés 
( t a k i n g  a l l  unexpec ted dea ths  a f t e r  s u c c e s s fu l  t re a tm e n t  w i t h  X - rays  
o f  14 /131 ,  o r  11%). H y p e r the rm ia  appeared t o  g i v e  r i s e  to  
s i g n i f i c a n t l y  more m étas tasés  than r a d io t h e r a p y  (P < 0 . 0 2 ) .  For a 
compar ison  o f  the s i g n i f i c a n c e  l e v e l s  o f  d i f f e r e n c e s  in m e t a s t a t i c  
r a te s  a f t e r  d i f f e r e n t  m o d a l i t i e s  see Tab le  5 .4 .
5 .2 .4 .2  T r i a l  2 ( t a b le  6 .2 )
T h is  was a p r o s p e c t i v e  s t u d y ,  compar ing  aga in  the  e f f e c t s  o f  h y p e r th e rm ia  
(s low  heat )  and r a d i o t h e r a p y . A dose le v e l  o f  4 4 ° / l  hour was chosen to  
g ive  a re asonab le  cu re  r a t e .
In the f i r s t  h y p e r th e r m ia  s e r i e s  (Group A ) ,  mice were t r e a t e d  us ing  
d e v e l o p m e n t a l  c o l l a r s  wh ich  were n o t  as e f f i c i e n t  as those used in the
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l a t e r  s e r i e s  (Group B).  Aga in h yp e r th e rm ia  appeared to  g ive  r i s e  to  
s i g n i f i c a n t l y  more métas tasés  than r a d io t h e r a p y  (P < 0 .0 2 ) .
Groups A and B have been c o n s id e re d  t o g e t h e r .  A l a r g e r  m e t a s t a t i c  
ra t e  would have been expec ted  f rom Group A than f rom Group B. I t  was
t h e r e f o r e  c o n s id e re d  j u s t i f i a b l e  to  use the combined number o f
métas tasés  s in c e  Group B would o n l y  make the m e t a s t a t i c  ra t e  l e s s ,  so
would make the  d i f f e r e n c e  less  s i g n i f i c a n t .
5 .2 .4 .3  T r i a l  3 ( t a b le  5 .3 )
In t h i s  p r o s p e c t i v e  t r i a l  the  e f f e c t s  o f  ' f a s t '  and ' s l o w '  hype r the rm ia  
were compared w i t h  s u r g e r y .
A l l  h y pe r th e rm ia  t r e a tm e n ts  were c a r r i e d  o u t  a t  44°C f o r  1 hour (o r  
e q u i v a l e n t  -  see 3 . 2 . 6 ) .  S ince  44 o f  the  cu red  mice f rom T r i a l  2 were 
t r e a t e d  u s in g  i d e n t i c a l  p rocedu res  t o  the  ' s l o w  h e a t '  s e r i e s  in T r i a l  3 
these r e s u l t s  have been i n c o r p o r a t e d  w i t h  those o f  T r i a l  3-
'S lo w '  h y p e r th e rm ia  gave r i s e  t o  s i g n i f i c a n t l y  more métas tasés  than 
' f a s t '  h y p e r th e r m ia  (P < 0 . 0 1 ) .  The m e t a s t a t i c  r a t e  a f t e r  su rg e ry  was 
no t  s i g n i f i c a n t l y  d i f f e r e n t  f rom a f t e r  o t h e r  t r e a tm e n ts  (see Tab le  5-4)  
Perhaps w i t h  l a r g e r  numbers in  the  t r i a l s  s i g n i f i c a n t l y  d i f f e r e n t  
r e s u l t s  m ig h t  have been found f o r  ' s l o w '  hea t  and s u rg e ry .
5.3 D is c u s s io n
5 .3 .1  C om parative  M e t a s t a t i c  R a tes  A f t e r  T re a tm en t
The r e s u l t s  o f  the t h r e e  t r i a l s  show t h a t  ' s l o w '  h y p e r th e rm ia  appears 
to  inc re ase  the p o s s i b i l i t y  o f  m é tas tasés  more than some o th e r  
t re a tm e n ts .  The t r i a l s  w i l l  however be co n s id e re d  in t u r n .
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At  the b e g in n in g  o f  t h i s  s tudy  a l l  a v a i l a b l e  e v iden ce  p o in te d  t o  the  
f a c t  t h a t  the C3H m u l t i - g e n e r a t i o n  tumour d id  no t  r e g u l a r l y  
m e ta s ta s i s e .  I t  was no t  even known whether t h i s  tumour co u ld  be 
cured by heat  a l o n e ,  s in ce  the  e a r 1y - g e n e r a t i o n  C3H tumour was no t  
found to  be c o n t r o l l e d  by heat  ( T h r a l l  e t  a l ,  1973).  Thus the  cu re  
r a t e  a f t e r  h y p e r th e rm ia  (and a f t e r  o th e r  m o d a l i t i e s )  had t o  be 
e s t a b l i s h e d  b e fo r e  any e v a l u a t i o n  o f  the  m e t a s t a t i c  r a t e  a f t e r  heat  
c o u ld  be c o n s id e re d .
The r e s u l t s  o f  t h i s  t r i a l  seemed to  prove  t h a t  h y p e r th e r m ia  caused 
more métas tasés  than d id  X - ra y s  but  the  t r i a l  had to o  many v a r i a b l e s  -  
t re a tm e n t  had been c a r r i e d  o u t  a t  a v a r i e t y  o f  tem pe ra tu re s  wh ich  gave 
w i d e l y  d i f f e r e n t  cu re  r a t e s .  The r e s u l t s  were a l s o  compared w i t h  
h i s t o r i c a l  r e s u l t s  o f  the  X - ra y  s e r i e s  where the  a n im a ls  wh ich  d ied  
d u r in g  the  p e r i o d  o f  o b s e r v a t i o n  a f t e r  t r e a tm e n t  were no t  examined 
f o r  m é tas tasés .
I f  a l l  the  m ice  t h a t  were n o t  a u to p s ie d  in the  h y p e r t h e r m ia  group had 
been c o n s i d e r e d ,  as in  the  r a d io t h e r a p y  g ro u p ,  as hav ing  d ied  o f  
m e t a s t a t i c  d isease  the  e v id e n c e  f o r  h y p e r th e rm ia  i n c r e a s i n g  the  
m e t a s t a t i c  r a t e  would  have been v e ry  s t r o n g .  As i t  was the  r e s u l t s  
were s t r o n g  enough to  w a r r a n t  a more c o n t r o l l e d  p r o s p e c t i v e  
i n ves t  i g a t l o n .
S. 3 . 1 . 2  ^ i g l _ 2 _ £ t a b l e _ S ^ 2 l
The r e s u l t s  o f  t h i s  t r i a l  showed t h a t  ' s l o w '  h y p e r t h e r m ia  gave more 
métas tasés  than r a d i o t h e r a p y  (P < 0 . 0 2 ) .  Thus i t  wou ld  seem t h a t  t ime 
a t  tem pe ra tu res  below the c r i t i c a l  te m p e ra tu re  a re  dangerous .  The
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inc reased  m e t a s t a t i c  r a t e  c o u ld  have been caused by s t i m u l a t i o n  o f  
the tumour c e l l s  d u r i n g  t h i s  t im e  when the c e l l s  would have 
re c e iv ed  inadequa te  th e ra p y .
There is  an a l t e r n a t i v e  e x p l a n a t i o n .  There was a 100% cu re  ra te  a f t e r  
r a d io t h e r a p y  and s t u d i e s  by Sheldon e t  a l  (1 974 ) ,  Pe te rs  (1975) and 
Moore and Dixon (1977) have c o r r e l a t e d  m e t a s t a t i c  r a t e  w i t h  cu re  r a te  
thus one m ig h t  on t h i s  b a s i s  have expec ted  a low m e t a s t a t i c  r a te  
a f t e r  r a d i o t h e r a p y .
The r e s u l t s  o f  T r i a l  2 were t h e r e f o r e  i n c o n c l u s i v e .
5 .3 .2 .  3 j
H ype r the rm ia  g iv e n  w i t h  a f a s t  h e a t i n g - u p  t im e  was used as one o f  the  
arms o f  t h i s  t r i a l  because s t i m u l a t i o n  o f  d i s s e m in a t i o n  o f  tumour c e l l s  
by Inadequate  h e a t i n g  had been suggested by the  r e s u l t s  o f  T r i a l  2 and 
by r e s u l t s  o f  e a r l i e r  w o rk e rs  (D ickson  and Muck le ,  1972; Smachlo e t  
a i , 1979).  T h is  was compared w i t h  a group o f  a n im a ls  t r e a t e d  as in 
T r i a l  2 ( h y p e r t h e r m ia ,  Group B) and a n o th e r  group  where the  tumour was 
removed s u r g i c a l l y .  The s u rg e r y  was s e le c te d  n o t  o n l y  t o  g i v e  an 
o v e r a l l  compar ison  between d i f f e r e n t  t r e a tm e n ts  bu t  because o f  the 
e a r l i e r  s t u d i e s  t h a t  had equated  m e t a s t a t i c  r a t e  w i t h  c u re  r a t e .
Because the tumour was a p p a r e n t l y  e nca p s u la te d  and showed no s ig n s  o f  
i n f i l t r a t i n g  s u r r o u n d in g  t i s s u e  a h ig h  lo c a l  c u re  r a t e  was a n t i c i p a t e d  
w h ic h ,  i t  was r e a l i s e d ,  wou ld  make a u s e fu l  compar ison  w i t h  the 
ra d io t h e r a p y  group  in T r i a l  2.
The r e s u l t s  o f  t h i s  t r i a l ,  when the  Group B mice  f rom T r i a l  2 were 
in c lu de d  in the  a n a l y s i s ,  showed c l e a r l y  t h a t  the  m e t a s t a t i c  r a t e  a f t e r  
' s l o w '  h y p e r th e rm ia  was g r e a t e r  than a f t e r  ’ f a s t '  h y p e r th e r m ia
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(p < 0 . 0 1 ) .  The m e t a s t a t i c  r a t e  a f t e r  su rg e ry  was n o t  found to  be 
s i g n i f i c a n t l y  d i f f e r e n t  f rom t h a t  found a f t e r  ' f a s t '  h y p e r th e r m ia .
The o v e r a l l  r e s u l t s  o f  the  3 t r i a l s  show t h a t  the  m e t a s t a t i c  r a t e s  
a f t e r  r a d i o t h e r a p y ,  s u rg e r y  and ' f a s t '  h yp e r th e rm ia  were n o t  
s i g n i f i c a n t l y  d i f f e r e n t .  'S lo w '  h y pe r th e rm ia  was found to  g i v e  r i s e  
to  more m é tas tasés  than r a d i o t h e r a p y .  The most im p o r ta n t  f i n d i n g  was 
however t h a t  ' f a s t '  h y p e r th e r m ia  gave a s i g n i f i c a n t l y  lower m e t a s t a t i c  
ra t e  than ' s l o w '  h y p e r t h e r m ia .
As can be seen in  T ab le  5-5  t h e r e  a re  ve ry  d i f f e r e n t  cu re  ra te s  
a s s o c ia te d  w i t h  d i f f e r e n t  t r e a t m e n t s .  B road ly  speak ing  the  m e t a s t a t i c  
r a t e  in c re ase d  w i t h  d e c r e a s in g  c u re  r a t e ,  as had been found by Sheldon 
e t  a l  (1974) and o t h e r s .  There a re  however o t h e r  f a c t o r s  t h a t  must  be 
cons i dered .
I t  appears f rom Ta b le  5*5 t h a t  r a d io t h e r a p y  ( T r i a l  1) had a s i m i l a r  
cu re  r a t e  and m e t a s t a t i c  r a t e  t o  the  s low heat  groups in T r i a l  2 
(Group B) and T r i a l  3. However th e  average t im e  f o r  reg row th  o f  the  
p r im a ry  tumour a f t e r  r a d i o t h e r a p y  was a p p r o x im a te l y  69 .5  days ( c f  
a f t e r  h y p e r th e r m ia  i t  was a p p r o x im a t e l y  18 days) w h i l e  the  t im e  o f  
appearance o f  m é tas tasés  was o n l y  38 ± 14 days a f t e r  bo th  m o d a l i t i e s .  
Thus some o f  the  m é tas tasés  found a f t e r  X - ra y  t r e a tm e n t  would be in 
mice where the  p r im a r y  tumour m ig h t  s t i l l  have r e c u r r e d .  Thus the  
m e t a s t a t i c  r a t e  g iv e n  may w e l l  be a r t i f i c i a l l y  h ig h .  Sheldon e t  a l ,  
Pe te rs  (1975) and Moore and Dixon (1977) have a l l  found t h a t  regimes 
wh ich  d id  n o t  s t e r i l i s e ,  bu t  o n l y  produced an in c re ased  de lay  in 
reg rowth  o f  the  p r im a r y  p e r m i t t e d  an inc reased  in c id e n c e  o f  m é tas tasés  
Moore and Dixon found t h a t  t o  be the case i r r e s p e c t i v e  o f  the  mode o f  
t r e a tm e n t  (wh ich  d i d  no t  i n c l u d e  h y p e r t h e r m ia ) .
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In s t u d ie s  t o  e l u c i d a t e  the  e f f e c t  o f  o c c lu d in g  the b lood  supp ly  
to  a mouse tumour when t r e a t i n g  w i t h  lo ca l  heat  o r  X - rays  H i l l  and 
Denekamp (1978) found 50% o f  a n im a ls  w i t h  pulmonary métastasés a f t e r  
heat  t r e a tm e n t .  Th is  sugges ted  t h a t  the heat  c ou ld  have inc reased  the 
in c id en c e  o f  m é ta s ta s é s ,  however t h i s  was not  s upp o r ted  in a 
r e t r o s p e c t i v e  a n a l y s i s  when the i n c id e n c e  o f  lung métastasés was found 
to  be 35% a f t e r  X - ra y s  a l o n e ,  wh ich  was no t  s i g n i f i c a n t l y  d i f f e r e n t  
f rom the  50% r a t e .  ; H i l l  and Denekamp sp e c u la te d  t h a t  the apparen t  
inc rease  In métas tasés  c o u ld  have become obv iou s  s in c e  an imals  s u r v i v e d  
longe r  t o  deve lop  c l i n i c a l  symptoms.
I t  is  p r e f e r a b l e  t h e r e f o r e  to  compare m e t a s t a t i c  r a t e s  a f t e r  t re a tm e n ts  
wh ich  g i v e  a s i m i l a r  t im e  f o r  tumour re g ro w th .  The r e s u l t s  o f  
compar ison o f  m e t a s t a t i c  r a t e s  a f t e r  ' s l o w '  and ' f a s t '  h ype r th e rm ia  
can t h e r e f o r e  be v iewed w i t h  more c o n f id e n c e  s in c e  bo th  cu re  ra te s  
and reg row th  t imes a f t e r  b o th  t r e a t m e n t s  were s i m i l a r .  T h e r e fo re  the 
r e s u l t s  show c l e a r l y  t h a t  h e a t in g  up the  tumour s l o w l y  causes an 
in c re a s e  in  m e t a s t a t i c  sp read .
3 .3 .2  B ase -L in e  M e t a s t a t i c  Rate
From h i s t o l o g i c a l  e v id e n c e  o b t a i n e d  b e fo r e  t h i s  s tu d y  began i t  
appeared t h a t  the  b a s e - l i n e  m e t a s t a t i c  r a t e  m ig h t  be low. No 
métas tasés  were found in lungs  o r  o t h e r  t i s s u e s  o f  t u m o u r -b e a r in g  
a n im a ls .  However because the  p r im a r y  tumour grew so q u i c k l y  a n im a ls  
had t o  be s a c r i f i c e d  by 20 days a f t e r  i n o c u l a t i o n  o f  tumour c e l l s ,  
w h i l e  m é tas tasés  were n o t  n o r m a l l y  app a re n t  u n t i l  37 ± 13 days a f t e r  
t r e a t m e n t ,  so i t  i s  n o t  s u r p r i s i n g  t h a t  no mé tas tasés  were found in  
mice w i t h  u n t r e a t e d  tumours .  T h i s  n e g a t i v e  r e s u l t  may o n ly  mean t h a t  
spontaneous m é tas tasés  do n o t  appear  a t  an e a r l y  s tage in tumour
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g ro w th ,  however i t  does sugges t  t h a t  spontaneous m e t a s t a t i c  r a te  
m ig h t  n o t  be v e ry  h ig h .
i t  is  o f  i n t e r e s t  t h a t  Gu l l  edge ( 196I ) ,  in a s tudy  i n t o  the f a c t o r s  
i n f l u e n c i n g  m étas tasés  o f  d i f f e r e n t  spontaneous mammary ca rc inomas 
in m ice ,  found a 50% m e t a s t a t i c  r a t e  in one s t r a i n  o f  the C^H mice 
w i t h  u n t r e a t e d  tumours.  He found no c o r r e l a t i o n  between the number, 
l o c a t i o n  o r  the s t r u c t u r e  o f  the p r im a ry  tumour and lung tumours.  
S u r g i c a l  removal o f  tumours in  some mice (no t  C^H) inc reased  the 
in c id e n c e  o f  m é ta s ta s é s .  No f i g u r e s  were quoted  f o r  C-^H mice ,  perhaps 
because w i t h  such a h ig h  spontaneous r a te  r e s u l t s  m ig h t  have been 
d i f f i c u l t  to  a na lyse  w i t h o u t  u s in g  v e ry  l a rg e  numbers o f  m ice .  I t  is  
p o s s i b l e  t h a t  the  v e ry  h ig h  in c id e n c e  o f  mé tas tasés  may mere ly  r e f l e c t  
the  s low g rowth  r a t e  o f  the  p r im a ry  tumour a l l o w i n g  a long p e r io d  
d u r in g  wh ich  seed ing  c o u ld  take p la c e .
The reason f o r  t r y i n g  t o  o b t a i n  a b a s e - l i n e  m e t a s t a t i c  ra te  by g i v i n g  
' f a s t '  h y p e r th e r m ia  was prompted by two s e ts  o f  e x p e r im e n ta l  r e s u l t s .
I f  tumours ujere heated in the tem pe ra tu re  range 37-5 “ 40.0°C i t  was 
found t h a t  t h e re  was s t i m u l a t i o n  o f  the m e t a b o l i c  r a t e  o f  the tumour 
c e l l s ,  such t h a t  a t  40°C the  ra te  was found t o  be doub le  or  more 
c o n t r o l  v a lu e .  T h is  f e a t u r e  was demonst ra ted  by Dickson and E l l i s  
( 1974) who found t h a t  tumours t r e a t e d  in a d e q u a te l y  a t  42°C e x h i b i t e d  
both  enhanced spread and m é tas ta sé s .  Th is  was p ro b a b ly  because o f  
l a rg e  tem pera tu re  g r a d i e n t s  w i t h i n  the tumour so t h a t  some c e i l s  were 
on ly  heated to  about  4 0 .0 °C ,  so t h a t  th e re  was s t i m u l a t i o n  o f  g rowth  
and m é tas tasés .
S tud ies  by Smachio e t  al  (1979) showed t h a t  u l t r a s o n i c  t re a tm e n t  o f
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tumours r e s u l t e d  in an absence o f  métas tasés  in a system where 
tumours c o u ld  be produced f o l l o w i n g  i n o c u l a t i o n  o f  as few as 30 tumour 
c e l l s .  In the  p re s e n t  t r e a t m e n t ,  as in  t h a t  by Smachio e t  a l ,  the 
i n t r a - t u m o u r  te m p e ra tu re  rose t o  a t h e r a p e u t i c  tem pe ra tu re  in 1- 12 
m in u te s .  I t  thus seemed re a son a b le  t h a t  the  q u i c k  e l e v a t i o n  o f  
t em pe ra tu re  c o u ld  have been a f a c t o r  in  the absence o f  m é tas tasés .
Sheldon e t  a l  (1974) found t h a t  i t  was no t  p o s s i b l e  to  o b t a i n  a base­
l i n e  m e t a s t a t i c  r a t e  us in g  a f i r s t  g e n e r a t i o n  C3H tumour because,  as 
in the p re s e n t  s t u d y ,  the  f a s t  g row th  ra te  o f  the  p r im a ry  tumour 
n e c e s s i t a t e d  s a c r i f i c e  o f  the  a n im a ls  b e fo re  métas tasés  became e v i d e n t .  
The tumour,  however,  was found t o  m e ta s ta s i s e  t o  a s i g n i f i c a n t l y  
d i f f e r e n t  e x t e n t  a f t e r  d i f f e r e n t  re g im es ,  t h u s ,  a l t h o u g h  a b a s e - l i n e  
r a t e  was no t  known the  tumour system was s t i l l  u s e fu l  in compar ison 
o f  t r e a t m e n t s .  I t  was i n i t i a l l y  dec ided  t h a t  the  C3H m u l t i - g e n e r a t i o n  
tumour c o u ld  be used in the  same way. However, the  r e s u l t s  o f  t h i s  s tudy  
are n o t  mere ly  c o m p a r a t i v e .  No m é ta s ta sé s ,  o r  a t  most  a ve ry  low r a t e ,  
was found a f t e r  ' f a s t '  hea t  and t h i s  has been taken t o  be the  b a s e - l i n e  
r a t e .
5 .3 .3  Poss'ùbte M eohan tsm s"o f M e ta s ta t i -c  Spread Suggested  by the  
R e s u l t s  o f  t h i s  S tudy
S. 3 .3 ,1  S i t e s  and t im e s  o f  appearance o f  m é tas ta sé s
From the  a n a tom ica l  d i s t r i b u t i o n  o f  s i t e s  shown in  F ig u re  9 .2  the  
p a t t e r n  sugges ts  b lo o d - b o r n e  r a t h e r  than l y m p h a t i c  sp read ,  because the 
one lymph node a f f e c t e d  was embedded in m e t a s t a t i c  tumour in the brown 
f a t ,  and o n l y  the  p e r i p h e r a l  s in u s  was i n v o l v e d .  The d i s t r i b u t i o n  o f  
mé tas tasés  may m ere ly  r e f l e c t  the  f a c t  t h a t  the  f i n e  c a p i l l a r i e s  o f  the 
lungs a re  the f i r s t  o b s t a c l e s  met,  o r  t h e re  may be a t i s s u e  
s p e c i f i c i t y  s in c e  no mice  t h a t  were found w i t h  m é tas tasés  up to  35 days
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a f t e r  t r e a tm e n t  had métas tasés  in any s i t e  o th e r  than lung.  A l l  
lobes o f  the  lungs were e q u a l l y  a f f e c t e d  by tumour.  Other  tumours 
co u ld  have seeded f rom the  lung.  The c o n s i s t e n t  peak o f  t ime o f  
appearance o f  m é ta s ta s é s ,  a f t e r  h y pe r th e rm ia  and X - ra y s  (see F ig u re  
5. 3)» i n d i c a t e s  t h a t  t r e a tm e n t  causes métas tasés  s in c e  the  e x pe r im e n ts  
us in g  ' f a s t '  h y p e r th e r m ia  have e s t a b l i s h e d  t h a t  t h e re  is  a low b a s i c  
m e t a s t a t i c  r a t e .  Thus the  data  r e f l e c t s  w h o l l y ,  o r  m a in ly  
d i s s e m in a t i o n  o f  c l o n o g e n i c  c e l l s  d u r in g  o r  a f t e r  t r e a tm e n t .
5. 3. 3. 2 CoTretation with depression of irmunity
Depress ion  o f  the  immune system can r e s u l t  in  enhanced métas tasés  
( F i d l e r ,  1974) and a f t e r  t r e a tm e n t  o f  the  C3H tumour w i t h  X - ra y s  t h e r e
was a g e ne ra l  d e p re s s io n  o f  the  immune s t a t u s  o f  the mice and i t
remained depressed f o r  s e v e r a l  weeks b e fo re  g r a d u a l l y  r e t u r n i n g  to  
normal (C h a m b er la in ,  p e rs .co m m .) .  T h is  compared w i t h  a s i m i l a r  f a l l  
in  immune response  a f t e r  h y p e r th e r m ia  where t h e r e  was however a much 
more r a p id  r e t u r n  t o  n o r m a l i t y ,  excep t  in mice wh ich  were su b s e q ue n t l y
found t o  have mé tas tasés  ( N i a s ,  Chamber la in  and A b d e l a a l , I 98O) .  Thus
i f  l o w e r in g  o f  the  Immune s t a t u s  was r e s p o n s ib l e  f o r  i n c r e a s i n g  the  
m e t a s t a t i c  r a t e ,  i t  sh ou ld  have been h ig h e r  a f t e r  r a d io t h e r a p y  and t h i s  
was n o t  the  case wh ich  suggests  t h a t  changes in  immune s t a t u s  do no t  
appear t o  have been r e s p o n s i b l e  f o r  the enhanced m e t a s t a t i c  r a t e  
a f t e r  h y p e r t h e r m ia ,  a t  l e a s t  in  t h i s  p r a c t i c a l l y  non- immunogenic  
tumour system. T h is  appears  t o  c o n t r a d i c t  the f i n d i n g s  o f  Shah and 
Dickson (1978) who found heat  t o  s t i m u l a t e  a h os t  a n t i - t u m o u r  immune 
response ,  however t h i s  was found in  an immunogenic tumour (see 5 . 1 - 2 ) .
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5.3,  3 . 3  Tumour and  c e l t u i a r  response  to  hypertherrryCa
Hyper the rm ia  a lo n e  has been found to  cu re  a tumour wh ich  is  ve ry  
r e s i s t a n t  to  X - r a d i a t i o n ;  thus i t  i s  p o s s i b l e  t h a t  h y p e r th e r m ia  may 
p r o v id e  an a l t e r n a t i v e  t r e a tm e n t  f o r  tumours t h a t  have been found t o  
be r e s i s t a n t  t o  o t h e r  t r e a t m e n t  m o d a l i t i e s .  There i s  r a p id  tumour 
r e g r e s s i o n ,  and w i t h  t h i s  t h e r e  appears to  be r a p id  r e - o x y g e n a t i o n  
s in c e  the tumour,  where t h e r e  is  no c u r e ,  regrows p r o m p t l y .  T h i s  
shou ld  make p r e - t r e a t m e n t  w i t h  h ype r th e rm ia  u s e fu l  in i n c r e a s i n g  
tumours s e n s i t i v i t y  t o  X - r a y s .
Hypox ic  tumours have been found t o  be more s e n s i t i v e  to  h y p e r th e r m ia  
than near no rm ox îc  tumours -  in  t h i s ,  c o n f i r m in g  the  r e s u l t s  o f  o t h e r  
w o rk e rs .  H yp e r th e rm ia  i s  thus o f  v a lu e  to  use in a s s o c i a t i o n  w i t h  
r a d io  o r  chemotherapy  t o  w h ich  h y p o x ic  tumours a re  r e s i s t a n t ,  s in c e  
most tumours ,  e s p e c i a l l y  when they  a re  l a r g e ,  a re  t o  some degree 
h y po x ic .
E a r l i e r  s t u d i e s ,  a l r e a d y  d e s c r i b e d ,  have e s t a b l i s h e d  t h a t  t h e r e  a re  
two s p e c i f i c  re g io n s  o f  h y p e r t h e r m ic  c e l l u l a r  response wh ich  a re  
se pa ra ted  by a c r i t i c a l  t e m p e ra tu r e .  When c e l l s  a re  heated above 
p h y s i o l o g i c a l  t e m p e ra tu r e  macromolecu les  are  e x c i t e d  and chemical  
r e a c t i o n s  a re  a c c e l e r a t e d :  above the  c r i t i c a l  t e m p e ra tu r e  enzymes
and p r o t e i n s  a s s o c i a t e d  w i t h  DMA a re  dena tu red  and i n a c t i v a t e d .  Thus 
i f  t h e re  is  s low  shedd ing  o f  tumour c e l l s  a t  p h y s i o l o g i c a l  
tem pera tu res  then i t  seems rea son ab le  t o  presume t h a t  t h i s ,  l i k e  o t h e r  
r e a c t i o n s ,  w i l l  be speeded up. Thus h e a t in g  in the te m p e ra tu re  range 
above t h i s  bu t  be low the l e t h a l  tem pera tu re  must be v e ry  dangerous ,  
as has been d em on s t ra te d .
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High m e t a s t a t i c  r a te s  a f t e r  t r e a tm e n t  w i t h  h yp e r th e rm ia  have been 
found in s t u d ie s  where a s low h e a t in g - u p  p e r io d  o f  5~15 m inu tes  has 
been d e s c r ib e d .  In the  s tudy  by H i l l  and Denekamp (1978) i t  was 
no t  d e s c r ib e d  as a f a c t o r  in  the h ig h  m e t a s t a t i c  r a t e  bu t  i t  may have 
been one component in p ro d u c in g  t h i s  h ig h  (50%) r a t e .  Ano ther  
r e l a t e d  f a c t o r  c o u ld  have been l a rg e  tem pe ra tu re  g r a d i e n t s  w i t h i n  the 
tumour wh ich  was heated  by Immersion in a w a te r b a th  so t h a t  some c e l l s  
were i n a d e q u a te l y  t r e a t e d .  T h is  was c e r t a i n l y  d e s c r ib e d  in the s tudy  
by Dickson and E l l i s  (1974) as a p o s s i b l e  c o n t r i b u t o r y  f a c t o r  i n t o  
inc reased  m e t a s t a t i c  sp read .  However in t h a t  s tudy t h i s  i n t e r p r e t a t i o n  
was no t  the o n l y  one s in c e  the whole  body tem pe ra tu re  o f  the  a n im a l s ,  
t r e a t e d  w i t h  l o c a l  h y p e r t h e r m ia ,  was e l e v a t e d .  T h i s  c o u ld  have led  to
changes in the  b i o l o g i c a l  p r o p e r t i e s  o f  the s i t e  t i s s u e s  
s t i m u l a t i o n  o f  m e t a s t a t i c  c e l l s  a l r e a d y  a t  d i s t a n t  s i t e s  
dep ress io n  o f  the immune defence  mechanism o f  the  h o s t .
In the p r e s e n t  s tudy  these o t h e r  i n t e r p r e t a t i o n s  a re  i r r e l e v a n t  because 
th e re  was no e l e v a t i o n  in body tem pe ra tu re  and because t h e re  appeared 
to  be no p r e f e r e n t i a l  immune response a g a i n s t  h y p e r th e r m ia  as a g a in s t  
o th e r  modal i  t i es.
Thus a l l  the a v a i l a b l e  ev id ence  p o i n t s  t o  the  f a c t  t h a t  inadequate  
t r e a tm e n t  w i t h  h y p e r th e r m ia  i s  ve ry  dangerous and t h a t  i f  h y p e r th e rm ia  
is  going  to  be used t o  t r e a t  tumours ,  e i t h e r  a lone  o r  in c o n j u n c t i o n  
w i t h  o th e r  m o d a l i t i e s ,  i t  i s  e s s e n t i a l  t h a t  the  h e a t i n g  te ch n iq u e  is 
ve ry  e f f i c i e n t  and g i v e s  a ve ry  r a p id  r i s e  in tem p e ra tu re  t o  a l l  p a r t s  
o f  the tumour as q u i c k l y  as p o s s i b l e .  Only thus can h y p e r th e rm ia  be 
used as a c l i n i c a l l y  r e l e v a n t  t re a tm e n t .
TABLE 5 . 0
EFFECT OF LOCAL TUMOUR IRRADIATION ON MOUSE 
MAMMARY CARCINOMA
Year A u tho rs Tumour System  ^ ,Tested  R e s u l t
1949 Kaplan and Murphy t r a n s p l a n t e d  f o u r f o l d  in c rease  in lung 
métas tasés
1950 von Essen and Kaplan t r a n s p l a n t e d  f o u r f o l d  inc rease  In lung
métastasés
1953 Kaae spontaneous f o u r f o l d  inc rease  in lung 
métas tasés
1970 S u i t  e t  a l t r a n s p l anted " i n c r e a s e d  métastasés in 
tumours n o t  a b l a t e d "
1974 Sheldon e t  a l t r a n s p la n te d inc re ase d  métastasés in non­
cured mice
TABLE 5.1 
TRIAL 1
H yp e r th e rm ia
Trea tment  v a r i o u s  tem p e ra tu re s  f rom
C r i t i q u e  42-46°C. Poor i n t r a - t u m o u r
tem p e ra tu re  g r a d i e n t s
Rad io the rapy  ( A b d e la a l ,  1979) 
v a r i o u s  doses f rom 55~80Gy
Cured mice 52 131
Proven
métastasés 14
Unexpected
deaths 14
Proven 
m e ta s ta t  i c 
r a te
27
Maximum 
m e t a s t a t i c  
r a t e  ( i f  
unexpected 
deaths 
in c lude d )
40 11
TABLE 5 . 2
TRI AL  2
T reatment  
c r i t i q u e
Cured mice
Proven
métas tasés
M e t a s t a t i  c 
r a t e
H yp e r the rm ia  (s low  heat)
i n t r a - t u m o u r  te m p e ra tu re  o f  
44°C f o r  1 hour
Group A 33
Group B 44
Group A 8
Group B 6
18
77
14
Rad io the rapy  ( A b d e la a l ,  1979) 
85Gy
32
TABLE 5 .3
TRIAL 3 (INCLUDING RESULTS FROM TRIAL 2)
T rea tment  
c r i  t i q u e
Cured mice
P roven 
métastasés
M e ta s ta t  i c 
r a t e
Fast  Heat  Slow Heat
64 96( I n c l u d i n g  44 f rom
t r i a l  2)
0 12( i n c l u d i n g  6 f rom
t r i a l  2)
13
Surgery
63
TABLE 5 .4  
COMPARISON OF METASTATIC RATES
T r i a l  Compar i son
1 r e t r o s p e c t i v e  X - r a d i a t i o n  versus 
h y p e r th e r m ia  ( v a r i o u s  c o n d i t i o n s )
2 p r o s p e c t i v e  X - r a d i a t i o n  ve rsus  
h y p e r th e rm ia
263 f a s t  heat  ve rsu s  s low heat
3 f a s t  heat  v e rs u s  su rg e ry
3 s low heat  ve rsus  su rg e ry
2:3 r a d i o t h e r a p y  ve rsu s  su rg e ry
Sign i f  i cance (cht-SkCjUa^eci 
P < 0.02
P < 0 .02
P < 0.01
n o t  s i g n i f i c a n t l y  d i f f e r e n t  
P < 0 .5  
no t  s i g n i f i c a n t l y  d i f f e r e n t
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The most connonly used end-points o f  tunour response in s i tu  are 
tumour regrowth delay and long-term cure o f  treated animals. Each of 
these end-points is generally regarded as providing a measure of the 
degree of tumour ce ll  k i l l  achieved by the treatr ient ,  and th e i r  use to 
estimate 'enhancement ra t io s '  or to compare the re la t iv e  e f f icacy  of  
d if fe re n t  forms of treatment, depends on th is  being (a t  least  approximately) 
true. Here we report the in s i tu  response to hyperthermia and to X - i r ra d ia t io n  
of a C3H mouse mammary carcinoma and show th a t ,  at treatment levels  which are 
is o -e f fe c t iv e  in terms of cure, the re growth delay responses are very 
d if fe re n t  fo r  these two modalit ies.
The properties of the tumour and methods o f  treatment have been 
described previously (Abdelaal & Nias 197B; Walker 1980) and w i l l  be 
presented only b r ie f l y .  The tumour, a poorly d if fe re n t ia te d  adenocarcinoma 
of spontaneous orig in  has been propagated by s e r ia l  transplation in C3H/He 
mice for several years. Tumour cells  were prepared as a cytosieve suspension, 
implanted subcutaneously by needle beneath dorsal skin and allov/ed to grow 
to 5-7 mm mean diameter before being exposed to X - i r ra d ia t io n  or hyperthermia 
treatment. I r ra d ia t io n  was carried out using 300 kV X rays and with conscious 
animals immobilized as described previously (Abdelaal & Nias 1978). Hyper­
thermia treatment was carr ied  out by immobilizing conscious animals in a 
d if fe re n t  j i g  and treatment administered using a 'd ry '  w ater -h eater , heat 
being conducted to the tumour via a thin membrane (Walker 1980). Tumours 
assigned to treatment were exposed to graded doses of X rays or to hyper­
thermia treatments consisting of 60 min heating at water-bath temperatures 
ranging from 4Z°C to 45°C. Tumour responses were assessed as proportion o f  
animals 'cured' ( i . e .  tumours non-recurrent by 100 days) or as time to 
regrow to 10mm mean diameter fo r  recurrent tumours. In the experiments 
reported here, a to ta l  of 199^1 ce received X - i r r a d ia t io n ,  w hils t  hyperthermia 
treatment was administered to animals.
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Figure (1) shows the dependonce o f  proportion of animais cured on 
the severity  of treatment, for hyperthermia and for i r ra d ia t io n .  These 
graphs permit estimates to be made of the TCO-37 treatment level ( i . e .  the 
treatment level giving 37% cure) fo r  each o f  tliese two modalit ies. For 
hyperthermia, the TCD-37 level is 43.5°C ( fo r  one hour) and for X rays a 
single dose o f 63.4 Gy. At the TCD-37 le v e l ,  or the treatment level  
closest to i t  in the experimental design, approximately 63% of the tumours 
w i l l  recur and s ta t is t ic a l  d is tr ibutions o f  regrowth delay may be recorded. 
Comparison of these regrowth delay d is tr ib u t ion s ,  at an ' iso-cure ' level  
of treatment, provides a reasure o f  the consistency o f  the end-points of cure 
or growth delay fo r  X rays and hyperthermia. These data are presented in 
table I and, as histograms o f  regrowth delay, in figure (2 ) .  At the TCD-37 
le v e l ,  the mean regrowth delay o f  recurrent tumours, is 69.5 days for  
X - ir ra d ia t io n  and 22.9 days fo r  hyperthermia -  a more than three-fo ld  
difference. The d is tr ibut ion  is also broader fo r  X - i r ra d ia t io n  than for  
hyperthermia, and the tvfo histograms do not overlap. S ta t is t ic a l  testing  
is scarcely necessary to quantify so dramatic a d if ference;  however, the 
Wi1cox-Mann-Whitney 'U - tes t '  confirms the difference between the means of  
the two d is tr ib u t io n s ,  at  a very high level o f  significance (p < 0 .0 0 1 ) .
Since hyperthermia and X-i rradi ation have identica l e ffects  in terms 
of cure, but very d if fe re n t  e ffec ts  in terms o f  re growth delay, these two 
end-points cannot provide equally va l id  measures o f  tumour cell  k i l l  
achieved by treatment. Moreover, since the treatments were iso -cura tive ,  
the discrepancy cannot be removed by the inclusion o f  cure data amongst 
the regrowth delay data, by any o f  the several methods which have been 
proposed (Denekamp 1980; Fowler e t  a l , 1980; Wheldon and Brun ton 1982).
These disparate growth delay responses are not confined to the TCD-37 
le v e l ;  fo r  a l l  iso-curative  treatments recurrent tumours grew back more 
quickly a f t e r  hyperthermia than a f t e r  X - i r r a d ia t io n .  The TCD-37 level 
is however the s t a t i s t i c a l l y  preferable level at  which to make such
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comparisons, on account of the degree of r e l i a b i l i t y  wi th v/hich tins  
level can be estimated (Porter 1980). A possible explanation for tlie 
discrepancy is provided by the 'tumour bed e f fe c t '  which, in the case of  
X-i e ra d ia t io n , gives rise to a slower growth rate o f  tumours growing 
(or regrowing) in i r ra d ia ted ,  re la t ive  to unirradia ted, normal tissues 
(Thomlinson and Craddock 1967; Hewitt and Blake 1968; Urano and Suit 1971; 
J i r t l e  e t  a l ,  1978). Recently, however, the ' tumour bed e f fe c t '  has been 
reported not to occur for hyperthermia, with tumours in pre-heated tissue,  
or recurring a f te r  hyperthermia treatment in s i tu ,  growing at the same rate 
as controls (Urano and Cunningham 1980; Wheldon and Mings ton 1982). In the 
present studies, tumour regrowth a f te r  hyperthermia was not w e l l -q u a n ti f ied ,  
owing to post-treatment oedema, but the C3H mammary carcinoma does show a 
pronounced tumour bed e f fe c t  fo r  X - i r r a d ia t io n ,  the re growth rate of  
recurrent tumours being halved ( fo r  a l l  doses above 20 Gy) re la t ive  to 
controls (Abdelaal e t  a l . 1980). I t  seems possible that a s ig n i f ic a n t  
tumour bed e f fe c t  fo r  X - i r r a d ia t io n ,  but not hyperthermia, could account 
fo r  the re la t iv e ly  rapid regrowth following hyperthermia.
An a l te rn a t ive  p o s s ib i l i ty  is  that  d if fe re n t  cells  repopulate the 
tumour following X - i r ra d ia t io n  or heat, A f te r  single-dose X - i r r a d ia t io n , 
the surviving ce lls  are l i k e ly  to be hypoxic and may have to await re­
oxygenation during tumour shrinkage before they are able to i n i t i a t e  
repopulation. In this tumour system, complete regression following  
i r ra d ia t io n  takes 2-3  weeks (Abdelaal and Nias 1978) and reoxygenation may 
occur over a s im i la r  time-scale. For hyperthermia, by contrast, selective  
survival o f  hypoxic cells  is unlikely  and i t  is probable tha t  most
surviving ce lls  w i l l  be well-oxygenated and well-nourished and perhaps 
capable o f  re la t iv e ly  prompt in i t i a t io n  of repopulation.
Each o f  these explanations invokes a mechanism leading to slower 
repopulation a f te r  X - i r rad ia t io n  than would be anticipated on the basis 
of ce ll  surv iva l.  Some indication that this may be correct is provided hy 
la te n t  period studies using d if fe re n t  numbers o f  implanted 'v ia b le '  cells
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for which the upper- lim it  of time to grow to 10 mm (the time to grow fion  
one single clonogenic c e l l )  is estimated to be 45 days (Brunton, G .F . ,  
Walker, A. and Wheldon, T .E .;  Unpublished). For a homogeneous tumour 
system, i t  may be predicted from Poisson s ta t is t ic s  that  (on average) a 
single clonogenic ce l l  survives at the TCD-37 treatment le v e l ,  so that  
the regrowth time at the TCD-37 level should approximate to the s ing le ­
ce ll  growth time, as estimated from la ten t  period studies. Heterogeneity, 
however, leads to the TCD-37 regrowth time being less than the s in g le -c e l l  
growth time (Wheldon and Brunton 1982), and this is indeed the case for  
the heat-treated tumours, w hils t  for X - i r ra d ia t io n  the regrowth-delay 
times are displaced to longer times than the s ing le -ce l l  growth time 
(Figure ( 2 ) ) .  These data are consistent with a moderately heterogeneous 
response to hyperthermia, but with a re la t iv e ly  rapid in i t i a t io n  o f  
repopulation which then proceeds with normal growth rate .  X - i r ra d ia ted  
tumours appear subject to a s ig n i f ic a n t  additional delay not explicable  by 
tumour ce l l  k i l l  alone.
Whatever the mechanisms responsible, the contrasting responses 
described could lead to a systematic under-valuing o f  hyperthermia,  
re la t ive  to X - i r r a d ia t io n ,  as a cytocidal agent. Combined end-point 
studies, as here, may be necessary to ensure that systematic biases do 
not occur, when in s i tu  tumour responses are used to gauge the re la t iv e  
e ff icac ies  o f  d i f fe re n t  treatment modalities.
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TABLE I
OF growth delay for tumours _Rm)kktj)T ALTER HYPERTHERMIA 
OR X-]RRADIATION AT OR NEAR THE TCD-37 TREATMENT LEVEL
TCD-37 treatment level
Treatment group closest to  
TCD-37 level
X - i r r a d ia t io n  Hyperthemiia
64 Gy 43.5*^C for  one hour
65 Gy 4 3 .5°C fo r  one hour
Number o f  tumours recurrent  
in closest treatnent group 19 29
'can growth delay 69.5 days 22.9 days
Fi ndard deviation o f  growth 
delay d is tr ib u t io n 22.8 days 6 .7  days
Absolute range of growth delay 50-120 days 10 -  49 days
FIGURE LEGENDS
Figure (1) : Proportion o f animals 'cured' ( i . e .  tumours non-rocurrent
by 100 days) by X - irrad ia t ion  or hyperthermia.
Figure (2) : Histograms of regrowth delay times (time to regrow to 10 mm
mean diameter) for tumours recurrent a f te r  X - ir ra d ia t io n  or hyperthermia 
administered at the TCD-37 treatment leve l.
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itii<l A. H. W . Nias*J, * ttfuliotnnhff/f/ ItM rn rrli 
(J rtm p, (tlfUHtjfuf ltwtliJiu.fr. ttj Itfu lititJ irrn p r.u lirtt  
ttn tl OurttltH jij, IM itu lr.rr. H o/tjuJ(U , (ih u tijtu r, 
^ Ilu y td  llcaiAUH M r.tiu in ’/U  H tu tjn tn l, dhuttju tr (/'A.
W o liavo oxiiin iiuxl tUo o f I ho (% IH
ituuiKct mivmmivry cnrcinoina, doi-KiiUy im p lu n U 'tl, 
Lo X-nvyH and U» l«>cal hy|>orthurin in. W o  found  
locally  c iira tivo  X - r a y  doaagos to  lie  in tlio  region  
5 0 0 0 -8 0 0 0  rad and locally c iim tiv o  h yp o rth o r-  
m ia to  lio in the  to inporatnru  region 4 2 -4 5 *0  
and tho tiino  rango 1 -2  h. H y p o rth o rin ia  waa 
adm inistorod to unariacsthotixod aniinaln  by  
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a fine m einhm no as in terface , the  te m p t'ra tu m  
l>ning constantly  m onitored.
D u rin g  the cfairse o f the hyp<«rtherinia Htudies, 
we noted a high incidence o f nin^xpi'cttxl deaths  
in locally cured mice, and this observation  
prom pUnl the instigation  o f necropsy, no t 
hitherU> routine. A ll m ice exam inetl hy lUHJropsy 
hecaiise o f <«arly d eath  or visible d e te rio ra tio n  
in absence o f local tu m o u r pn>v«Hl U» have d is tfin t  
ineUistases. usually in the lungs, h u t (K*.casionally 
in k id n ey , hi-own fa t  or o th er sih's. T h e  incidence  
o f proven m etasUw M  (14 /52  o r 2 7 % ) in h yp e r- 
thernua-cuM xl mice m ay he contrasU^d w ith  tho  
m a x im u m  incidence o f métastasés (14/1:11 or 
. I 1% ) inferred  from  early  diM\th o f m ice loca lly  
cui"ed hy X -ra y s . I ly  the %^.test th is  difTerence 
is sign ificant ( / * < (M )2 ) .  A contro lled  pi*os|XK:tive 
tr ia l has now confirm ed a s ign ificant (P  <  () ( ) I ) 
increase in fn^queney o f meUisUuwis a fte r  h y p e r­
th e rm ia  (14/77 or 18% ) as co inpanxi to X -ra y s  
{(l/:i2).
Pending confirm ation  o f this phenom enon, 
and o f investigation  o f the eaumil uuvchanisius 
aim  exp lo n ition  o f possible ways o f o b v ia tin g  i t  
(s.y. hy p re -irrad ia tio n ) clin ical tria ls  in v o lv in g  
tre a tm e n t w ith  local h y |X )ith e rm ia  alone o f  
hum an tu m om s o f know n m etasta tic  p o te n tia l 
should proceed w ith  caution .
I N e w  lit- X l T I i iM e s s 's  H e s p iU t l  M e il in id  X c lu s i l .
I .e t id e i i  MIC I .
Procectltif/^s o f ihc B ritish  Im litu te  o f R adiology  
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C all M IC E  AFTER HYPERTHERM IA
By .A. S. .Abdelaal, Susan .M. Chamberlain,
-A. H . \V . Nias and .Agnes Walker
Clat^ov.: In s i i tu t t  o f  R a d io the rap ru tics  and Onco'o,zy.
B e lv ide re  H o s p ita l, G la tgo tc G 3 I
\Vt have examined the response to hyperthermia of a 
carcinoma.in CaH mice and report a dramatic promotion of 
metastasis by local heating administered in time-temperature 
combinations sufficient to eradicate the primary tumour 
(e.p. one hour at 43.5‘C).
The carcinoma originated as a spontaneous mammars 
tumour in 1974 and has been serially transplanted ever 
since. Tne volume doubling time is about one day at the 
size of 6 mm diameter when treatments arc given. The 
tumour is poorly differentiated and contains many foci t)f 
necrosis. The vcr>’ high radiation TCDw value of 67.5 Gy is 
compatible with this evidence of extensive hypoxia.
The cell-mediated immunological response of the mice 
has been assessed using the PH.A response of splenic 
lymphocytes. The PH.A index was significantly reduced in 
tumnur-bcarinu mice but returned towards a normal value 
after successful treatment of the primary tumour by cither 
surgical excision, radiotherapy or hyperthermia. The PH.A 
index remained low, however, in a number of the mice 
which had to be sacrificed earlier than 100 days after 
hyperthermia with the tumour locally controlled. Histo­
logical examination revealed pulmonary and other blood 
borne métastases in these mice.
The incidence of metastasis was 25"i after local hyper­
thermia, significantly higher than the 10% rate after local 
radiotherapy (/*-■ <0.04).
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ABSTRACT
MSTASTA3I3 OP C 3H HOUSH: M.W.ARY CARC D iC IU  
FOLLOW Hi 0 LOCALLY C U U ATr/H  X-RAYS OR ÜYPKRTHIÏBÜA
-• k ,  W a L k o r, H J4 « M cC allum  , A .H .W , !i Laa amd T . E .  W lic ld o n
Glasgow Inatltuto of Radiothe r.'ipout lea and Oncology ,
B a lv id e r o  H o s p i t a l ,  G lasgow  G31 4PG
Department of Pathology, Royal Reataon Komorlal Honpital,
G la sgo w  G3 6UD
D e p a rtm e n t o f  C l i n i c a l  P h y a ic u  and B lo -E n g L n e e rL n g , Wont of
S o o t la n d  H e a l th  B o a rd s , W est Graham S t r e e t ,  G lasgow  C-t 9LP
We have o xa m lro d . th o  re s p o n s e  o f  th e  C 3M mouse mammary c a rc in o m a  t o  X -  
r a y s  and  to  h y p e r t h e r m ia .  We fo u n d  l o c a l l y  c u r a t iv e  X - r a y  d o s a g e s  to  l i e  in  
th e  r e g io n  $000—7000 r a d  and l o c a l l y  c u r a t i v e  h y p e r th e r m ia  re g im e s  t o  l i e  in  
th o  te m p e ra tu r e  r e g io n  42—4 6 *^  and t h e . t i n e  dom a in  1—2 h o u r s .  L o c a l h y p e r ­
t h e r m ia  waa a d m in is t e r e d  b y  w a te r  pumped th ro u g h  a h e a t in g  d e v ic e ,  u o in g  a f in e  
m em brane aa in t e r f a c e  — th e  te m p e ra tu re  b e in g  c o n s t a n t ly  m o n i to r e d .
D u r in g  th o  c o u rs e  o f  th e  h y p e r th e r m ia  s t u d ie s ,  wo n o te d  a h ig h  i.n c id e n c e  
o f  u n e x p e c te d  d e a th s  in  l o c a l l y  c u r e d  m ic e ,  .wid t h i s  o b s e r v a t io n  p ro m p te d  th e  
i n s t i g a t i o n  o f  a u to p a y , n o t  h i t h e r t o  r o u t in e .  All m ic e  a u to p s ie d  b e c a u s e  o f  
e a r l y  d e a th  o r  v i s i b l e  d e t e r io r a t i o n  in  a bsence  o f  l o c a l  tu m o u r p ro v e d  to  h a v î 
d i s t a n t  m e ta s ta a a u ,  u s u a l l y  in  th e  lu n g s ,  b u t  o c c a i i io n a l l y  in  k id n e y ,  b row n  
f a t  o r  o t h e r  s i t e s .  The in c id e n c e  o f  p ro v e n  m é ta s ta s é s  ( 1 4 /5 2  o r  27T») ia  
h y p e r t h e r m ia - c u r e d  m ic e  may be c o n t r a s te d  w i t h  th e  maximum in c id e n c e  o f  
m é ta s ta s é s  ( l 4 / l 3 1  o r  1 1 ^ )  i n f e r r e d  fro m  e a r ly  d e a th  o f  m ic e  l o c a l l y  c u r e d  by 
X - r c y s . By t h e O ^ ^ - t e s t ,  t h i s  d i f f e r e n c e  i s  s i g n i f i c a n t  a t  th e  c o n f id e n c e  
l e v e l  ( p  - C O .0 2 )  .
P e n d in g  c o n f i r m a t io n  o f  t h i s  phenom enon , and o f  p o s s ib le  w ays o f  o b v ia t ­
i n g  i t  ( e . g .  b y  p re —i r r a d i a t i o n ) , c l i n i c a l  t r i a l s  i n v o l v in g  t r e a tm e n t  w i t h  
l o c a l  h y p e r th e r m ia  a lo n e  o f  human tu m o u rs  o f  known m e t a s t a t i c  p o t e n t ia l  s h o u ld  
p ro c e e d  w i t h  c a u t io n .
